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ABSTRACT

The goal of this work is to advance a novel nondestructive testing (NDT) method
for controlled, rapid, and effective inspection of a structure through the integration of
microwave NDT and thermography, referred to as Active Microwave Thermography
(AMT). In AMT, the structure under test is exposed to microwave radiation and the thermal
profile of the structure is monitored via a thermal camera in order to obtain desired
information regarding the structure. This new technique is applicable across a wide range
of NDT needs including detection of voids, delamination, water ingress, debonding, and
cracks in numerous structures such as carbon fiber and glass fiber reinforced polymers
(CFRP and GFRP, respectively), cement-based materials, corroded metals, and structures
coated with radio-frequency absorbing materials (RAM). This research is dedicated to
three special cases among these applications of AMT; detection of voids in CFRP,
evaluation of water ingress, and detection of delamination in RAM-coated structures. The
effect of the structures’ properties, excitation parameters, and defect size and location on
the thermal response are investigated through analyses of technical outputs such as thermal
contrast and signal-to-noise ratio. The main contributions of this research are first, enabling
defect quantification through a formulation of the microwave heating and subsequently
calculating the temperature’s temporal and spatial variation. This formu lation is validated
through commercial simulation software and measurement. Second, it is shown (through
simulation and measurement) that AMT is a reliable NDT technique that may be superior
to other techniques for specific applications such as water ingress detection and inspection
of RAM-coated structures.
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SECTIO N

1. INTRODUCTION

1.1. ACTIVE MICROWAVE THERMOGRAPHY
Nondestructive testing and evaluation (NDT&E) of materials and structures plays
an important role in aerospace and civil/infrastructure industries. In fact, many failures
occur because of the presence of defects and imperfections in construction materials [1].
As such, many NDT&E techniques have been developed for structural health monitoring
including visual inspection

[2], microwave

[3], ultrasound

[4], X-ray

[5], and

thermography [6]-[8]. In thermography, the structure under test is exposed to a heat source
that causes a temperature increase within the volume and over the surface of the structure.
Typically, an active approach is used, meaning an active thermal source is utilized to
induce thermal energy into the structure (as opposed to the passive approach in which the
thermal source is natural, e.g., solar energy). The most commonly used thermal sources in
active thermography are optical (i.e., flash lamp thermography, also often referred to as
conventional thermography) [6], ultrasonic [9], eddy current [10], and more recently,
microwave [11].
Active microwave thermography, or AMT, is a relatively new active thermographic
method that has demonstrated potential in recent years for many NDY&E applications
including health monitoring of carbon fiber reinforced polymer (CFRP) structures
[12],[13], assessment of microwave absorbing structures [14], detection and evaluation of
surface cracks in metal structures [15], characterization of corroded reinforcing steel bars
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[16], evaluation of steel fiber distribution in cement-based mortars [17], defect detection
of CFRP-strengthened cement-based materials [18],[19], and mines detection [20].
In AMT, the structure under test is exposed to microwave radiation. Depending on
the electromagnetic properties of the structure’s constitutive materials, two heating
mechanisms may occur that are referred to as dielectric heating and Joule heating [21],[22].
Dielectric heating results from absorption of microwave energy in lossy dielectric
materials. Generally, dielectric materials are described by their (relative to freespace)
complex dielectric properties as Sr = s / - j e r ", where e / (relative permittivity) represents
the ability of a dielectric material to store microwave energy, and er " (relative loss factor)
represents the ability of a material to absorb energy. Thus, when a lossy material is
irradiated with microwave energy, dielectric heating occurs as a result of the absorbed
energy. Joule heating, on the other hand, occurs due to current induced on the surface of
conductive materials. More specifically, when a microwave signal impinges on a
conductive material, surface current is induced on the conductor surface due to the electric
conductivity (a) of the material, which in turn results in ohmic losses. In addition, this
induced surface current can serve as a source of radiated (or scattered) microwave energy,
which in turn may be absorbed by nearby dielectric materials.
Subsequent to the microwave-induced heating, the thermal energy (heat) diffuses
inside the structure and causes a temperature increase within the volume and over the
surface of the structure. The existence of any inconsistency in the structure (such as a
defect) affects the heat diffusion and in turn affects the surface temperature distribution
which is monitored via a thermal camera. Thermal images captured over time by the
thermal camera may provide information regarding potential defects in the structure. Void-
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type defects such as holes and open cracks act as thermal insulators that impede against
further diffusion of the heat to the deeper parts of the structure and lead to a high
concentration of thermal energy. This manifests as a hot spot on the structure surface and
is evident in the thermal measurements. Therefore, the temperature increase can be used as
a metric to evaluate the defects. In another case, the defect may act as a source of thermal
energy when it is exposed to the microwave radiation. For example, water ingress or
moisture within a (lower loss) dielectric structure can absorb microwave energy, resulting
in generation of heat and a subsequent thermal contrast that can be monitored via the
thermal camera.
In general, AMT has several advantages including short inspection times for
relatively large areas, non-contact interrogation and inspection, and easy-to-interpret
results (results are obtained in an image format and can be visually interpreted to some
extent). Beside these advantages that AMT shares with other thermographic methods [23],
microwave radiation as the thermal excitation can be superior to other excitations (e.g.,
optical, in conventional thermography) in special cases, as is discussed in the following
section.

1.2. RESEARCH OBJECTIVE
The goal of this dissertation is to provide a comprehensive quantitative analysis
tool that relates AMT outputs to potential defect features as well as to introduce new
applications for this technique.
When the application of AMT in several cases, such as defect detection of CFRPstrengthened cement-based materials, is already established (as a proof-of-concept), there
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often remains a lack of quantitative and comparative analysis for the particular inspection.
This research aims to fill this gap by proposing a physical model and pertinent
mathematical formulation. This is accomplished for three distinct applications. In the first
case, detection of void-type defects, standardized as flat-bottom holes (FBH), in conductive
composites, in particular CFRP, is quantitatively studied. In this case, since conductive
materials (such as CFRP) do not allow penetration of electromagnetic energy, the
microwave excitation solely generates a surface thermal source through induced surface
current (as mentioned above). In this way, this thermal generation is similar to conventional
thermography where the optical impulse is only absorbed at the surface of the sample. After
calculating the surface thermal source from induced surface currents and the Joule heating
principle, the heat equation, which relates the temperature distribution to the thermal
sources, is solved numerically using a finite difference approach. Specifically, to include
the effect of an FBH on the temperature, an adiabatic boundary condition is applied over
the boundaries of FBH, meaning that there is no heat flux through the boundary. As an
FBH impedes the diffusion of thermal energy further into the deeper parts of the sample, a
higher temperature will be observed over the FBH on the sample surface. To quantify this
effect, the thermal contrast is defined as the difference between the temperature increase
of a defective area and that of a sound/healthy area. For a successful detection of an FBH,
the thermal contrast must exceed the thermal camera’s sensitivity. Based on this, detection
likelihood is quantified through calculation of thermal contrast caused by an FBH and its
diameter and depth. In other words, a dimensional analysis of detectable FBHs is provided
including a radius-to-depth ratio threshold for successful detection. The mathematical
formulation discussed above (and formulated here for the first time) also enables
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investigation of the effect of microwave excitation power and frequency on the AMT
results. This mathematical analysis is validated via comparison with a coupled full wave
electromagnetic/thermal model developed using CST Microwave Studio® (CST MWS)
and CST MultiPhysics Studio® (CST MPS), as well as through several measurements.
Another objective for this research arises from the fact that use of a microwave
excitation is particularly well-suited for detection of water ingress due to the fact that water
is highly absorptive to electromagnetic energy in the microwave frequency range.
Evaluation of water ingress and moisture content in composited (mainly GFRP and
honeycomb structures) is very important to ensure that mechanical properties of
composites are negatively unaffected. For this application, AMT offers the advantage of
selective heating as the thermal excitation is applied solely to the water ingress, with
reduced interaction with the background material. In other words, unlike conventional
thermography, the defect (water) acts as a heat source, rather than merely affecting the heat
diffusion. To formulate this case, the interaction of the incident microwave energy and the
water volume (a dielectric) is considered. M ore specifically, the electromagnetic loss (and
hence the generated heat) inside the water ingress is calculated. Knowing the heat source
as such, the temperature is calculated via the Green’s function method [24]. Using the
Green’s function method as an analytical approach is computationally more efficient (i.e.,
is faster and requires reduced memory resources) than numerical techniques and
commercial simulation software packages. The selective heating of water ingress and the
need for detection of water ingress in structures including aviation, submarine acoustic
tiles, heavy electrical component insulators, etc. show the importance of AMT for this
application, as discussed in this dissertation.
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As the third case studied in this dissertation, the use of AMT for detection of
delamination in RAM-coated structures (extensively used in aerospace and military
applications) is quantitatively studied for the first time. AMT is an especially good
candidate for inspection of such structures due to the inherent electromagnetic properties
of the RAM itself. In other words, these materials are designed to reduce (through energy
absorption) the amount of electromagnetic energy that is scattered (or reflected) from
(subsurface) conductive materials. Thus, from an AMT perspective, the RAM, when under
microwave illumination, absorbs the energy and subsequently undergoes a temperature
increase; an essential component in thermographic techniques. In addition, unlike
conventional thermography in which heat is generated mostly at the surface, the microwave
heating takes place throughout the RAM volume (as well as its surface). In this way, the
thermal source is located flush against the substructure rather than at the surface of the
coating and hence the detection capability may be improved. In these cases, AMT is
uniquely effective and potentially superior to other thermographic methods and as such,
this dissertation is dedicated to such applications.

1.3. ORGANIZATION OF THE DISSERTATION
This dissertation focuses on three distinct applications of AMT as are summarized
below.
PAPER I, titled “Detection of Flat-Bottom Holes in Conductive Composites Using
Active Microwave Thermography” investigates the potential of AMT for detection of flatbottom holes (FBHs) in conductive composites such as carbon fiber-based composites. To
this end, a formulation is first established as mentioned in the previous section. Then, the
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simulation (using CST MWS and MPS) and experimental results are presented that validate
the formulation and show the AMT outcomes in potential situations where a carbon fiber
reinforced polymer (CFRP) laminate contains FBHs. These results illustrate the potential
for AMT as a nondestructive testing (NDT) tool for inspection of CFRP structures. More
specifically, the effect of FBH radius and depth (or combined as the radius-to-depth ratio)
on the detection likelihood is studied. By considering the thermal contrast, it is shown that
detection likelihood can be improved by increasing the microwave frequency or power
level. Furthermore, AMT measurements are presented for a number of FBHs machined in
a multidirectional CFRP sheet, and the signal-to-noise ratio (SNR) in thermal images over
time is monitored that shows a high level of defect information relative to background noise
(>20 dB) is achievable after about 60 sec of microwave excitation.
PAPER II, titled “Active Microwave Thermography to Detect a nd Locate Water
Ingress,” reports on the application of AMT to detect and locate water ingress within a
structure. This paper presents a mathematical formulation (as discussed previously) along
with simulation and measurement results. The mathematical formulation relates the water
volumetric distribution and location to the temperature distribution over the inspection
surface. Moreover, a method for evaluating the depth of water ingress is developed which
is based on the delayed time when the maximum of temperature rise occurs. This
formulation is considered for three water ingress cross-sectional distributions named as
point (like drops), linear (such as water seeped into a crack or vein), and extended.
Following the analysis, AMT measurement results of a small volume of water, placed in a
rubber sample at predetermined locations, are presented. Analysis of the measurement data
indicates the potential of AMT for not only detection of water ingress, but also accurate
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depth estimation of small amounts of water ingress. Specifically, 0.5 mL of water
(equivalent to 10 drops) is clearly detected (experimentally) after 120 seconds of
microwave excitation, in a rubber sample. More importantly, the depth of water is
estimated using experimental data and a mathematical formulation, with an average
quantification error of ~5%. In addition, the relationship between the detectability of water
and test parameters including the microwave excitation frequency and power, water
volume and depth, structure constitutive properties, and the heating time is studied.
In PAPER III, titled “Efficient Health Monitoring o f RAM-Coated Structures by
Active Microwave Thermography,” results of a comprehensive study on the application of
AMT for health monitoring of structures coated with radio-frequency absorbing materials
(RAM) is presented. It is shown that AMT is unique for this particular application since
the microwave excitation acts as a highly efficient thermal source due to the inherent
absorptive electromagnetic properties of RAM-coated structures. In addition, the
microwave-induced heating takes place within the volume of a RAM-coated structure (as
the microwave energy propagates through the RAM), as opposed to solely heating the
surface (as is the case in conventional thermography). Specifically, this work focuses on
detection of delamination, which is a common defect in CFRP structures, via AMT. To this
end, as mentioned earlier, a mathematical model is developed that relates the thermal
contrast to the delamination, microwave excitation, and the structure properties.
Subsequently, measurements are conducted showing that delaminations with a diameter as
small as 1 cm concealed under a 2-mm thick layer of RAM can be reliably detected by
applying 1 minute of microwave excitation.
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PA PE R

I. DETECTION OF FLAT-BOTTOM HOLES IN CONDUCTIVE
COMPOSITES USING ACTIVE MICROWAVE THERMOGRAPHY

ABSTRACT

Active Microwave Thermography (AMT) is an integrated nondestructive testing
(NDT) technique that utilizes a microwave-based thermal excitation and subsequent
thermal measurement. AMT has shown potential for applications in the transportation,
infrastructure, and aerospace industries. This paper investigates the potential of AMT for
detection of defects referred to as flat-bottom holes (FBHs) in composites with high
electrical conductivity such as carbon fiber-based composites. Specifically, FBHs of
different dimensions machined in a carbon fiber reinforced polymer (CFRP) composite
sheet are considered. Simulation and measurement results illustrate the potential for AMT
as a nondestructive testing (NDT) tool for inspection of CFRP structures. In addition, a
dimensional analysis of detectable defects is provided including a radius-to-depth ratio
threshold for successful detection.

1. INTRODUCTION

Nondestructive testing (NDT) of infrastructure is important to many industries
including aeronautics and transportation as it relates to the inspection of carbon fiber
reinforced polymer (CFRP) structures. Several NDT methods including microwave,
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ultrasound, x-ray, and thermography (active and passive) have been applied to the
aeronautical and transportation industries (with varying levels of success) for inspection of
infrastructure and composites [1]-[7]. Among these methods, microwave NDT is very
limited for inspection of subsurface defects in conductive materials due to the lack of
penetration of microwave energy into such materials. Additionally, while surface
inspections of conductive materials are feasible, often the inspection time may be
significant due to the need for raster scanning of the area of interest. Acoustic methods are
successful in many arenas and are well-established. However, they often require operator
expertise and contact with the material/structure under test. X-ray or computed tomography
is also quite promising for many applications, but brings significant safety requirements
and precautions [4]. Thermography, both active and passive, is another well-established
and successful technique. Passive thermography utilizes natural sources of thermal energy
such as solar energy, structural loading, moisture evaporation, air movement, etc. On the
other hand, active thermography utilizes an active source of thermal energy such as a flash
lamp (as is used in traditional thermography), quartz lamp, electromagnetic, acoustic, etc.
Passive thermography implies no control of the applied energy; rather, simply observing
with an infrared camera, whereas active thermography implies control of the applied
energy (for the purpose of inspection). Active thermography has been successfully applied
to a number of NDT needs including defect detection in composite materials [5]-[7].
Active microwave thermography (AMT) is a relatively new NDT technique that is
based on the integration of microwave and thermographic NDT [8]-[15]. In AMT,
microwave energy is utilized to heat a structure of interest, and the resulting surface thermal
profile is monitored via a thermal camera. Compared to traditional (flash lamp)
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thermography, AMT does not require substantial amounts of power [12], and several
(electromagnetic) parameters can be optimized in order to tailor the inspection to a specific
material including frequency and polarization. Recently, AMT has been utilized for
detection of corrosion on steel [11], evaluation of steel-fiber reinforced concrete [12], and
inspection of structures strengthened with unidirectional CFRP [13]-[15], with promising
results.
In general, when using a microwave-based thermal excitation, there are two
possible heating mechanisms that may take place; dielectric heating and Joule heating.
Dielectric heating takes place when the structure under test contains (lossy) dielectric
materials. In general, the ability of a dielectric to generate heat is determined by its loss
factor (e") which appears as the imaginary part of its complex dielectric constant (e = s' je"). Due to the lossy electromagnetic properties of the material, microwave energy is
absorbed and converted into heat. The real part of dielectric constant, on the other hand,
represents the ability of the material to store electromagnetic energy. The other heating
mechanism, Joule heating, occurs when conductive materials are present in the structure.
When a conductor is exposed to electromagnetic radiation, depending on its electrical
conductivity (a), currents are induced on the surface of the conductive material. These
currents serve as a secondary thermal excitation, as ohmic losses (which cause a subsequent
thermal increase) occur when currents flow in a conductive material. In addition to direct
ohmic losses, these induced currents may also serve as a secondary source of (reradiated)
electromagnetic energy which can be subsequently absorbed by other nearby lossy
dielectrics (such as the epoxy in CFRP materials).
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In all cases, the heat generated from the electromagnetic energy diffuses throughout
the material. Since defects and discontinuities affect the heat diffusion, a temperature
difference on the surface of the structure will result if a defect is present. Analyzing the
surface temperature profiles captured during an AMT inspection allows the defects to not
only be detected, but also characterized. As such, this paper investigates a new application
of AMT as an NDT tool for inspecting defects in conductive (specifically CFRP)
composites. The defects are modeled as cylindrical holes that are referred to as flat-bottom
holes (FBHs) [16]. Representative simulated and measurement results are provided,
showing the applicability of AMT for such inspections.

2. SIMULATION AND ANALYSIS

In order to investigate the utility of AMT for inspection of FBHs in conductive
materials, numerical modeling was conducted. More specifically, a finite slab containing
an FBH under plane wave excitation is considered, as is illustrated in Figure 1. The height
of the dielectric slab is denoted as h, and the radius and depth of the defect are given as r
and d, respectively.

Figure 1. Geometry of the simulated model
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Upon contact with the structure under inspection, portions of the incident plane
wave will be reflected, absorbed by, and transmitted through the material. The absorbed
energy is converted to heat and therefore can be considered as a thermal source. For a
highly conductive material, there will be not be any energy transmitted through the
material. Thus, the incident energy is either reflected or absorbed. Further, for highly
conductive materials, most of the incident energy will be reflected. The energy that is not
reflected is absorbed within a very thin layer (essentially the surface) of the material. This
layer is dimensionally on the order of the material’s skin depth, 5, which is defined as S =
J l / n f j i a , where f and p are the incident wave frequency and material permeability,
respectively. A CFRP laminate with electrical conductivity of o = 50,000 S/m, for example,
has a skin depth of ~46 pm at f = 2.4 GHz. As such, the thermal source can be considered
as a uniform (due to the plane wave excitation) surface heat source, Qs, on the surface of
the structure. Specifically, Qs may be quantified as:

Qs = Pine — Pref = Pinc(1 — IH2)

(1)

where Pinc and Pref are the incident and reflected wave power densities and r denotes the
electromagnetic wave reflection coefficient of the air-structure interface and is defined at
r = (v — Vo)/(V + Vo). In this formula, n is the characteristic impedance (ratio of electric
to magnetic fields of any electromagnetic wave in the medium) of the conductive material
and is given by n = j M p / a , and no is the characteristic impedance of freespace (i.e., 120n)
[17].
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The heat source of Eq. (1) generates thermal energy which extends throughout the
structure volume over time. To calculate the time-dependent temperature distribution, T,
the source-free heat equation given in Eq. (2) should be solved. The volumetric heat source
in Eq. (2) is considered to be zero since there is no heat source inside the structure and the
surface heat source over the inspection surface will be applied as an inflow heat flux
boundary condition.

dT

(2)

pCp^ t = V ' (k'

Here p,

Cp

, and k are the density, specific heat, and thermal conductivity tensor,

respectively. The thermal conductivity, k, is considered a tensor due to the potential
anisotropy of the structure. For example and as it relates to this work, the thermal
conductivity for a CFRP laminate differs for the in-plane and along-the-depth (or
transverse) directions (i.e., parallel and perpendicular to its embodied fibers, respectively).
However, the same thermal conductivity is assumed along any in-plane direction. This
assumption is valid for multidirectional fiber-reinforced composites as their fibers are
oriented in several in-plane directions, rendering the same electrical and thermal behavior
along these directions. Unidirectional composites, on the other hand, have different
behaviors along the two in-plane normal directions of parallel- and perpendicular-to-thefibers, requiring assignment of different values to the electrical and thermal conductivities
in these directions. Taking this into consideration and assuming a cylindrical coordinate
system with the z-axis being the axis of the FBH (modeled as a cylinder), the in-plane
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isotropy of thermal conductivity leads to angular symmetry of temperature (i.e. dT/dp = 0).
As such, Eq. (2) can be expressed in cylindrical coordinates as [18]

dT

1 3 /

dT\

d (

dT\

(3)

pCp~ d i ~ r dr \ ^ r d r ) + dz \ z d z )

where T is a function of space and time, and material properties p, Cp, kr, and kz are a
function of space (due to the inhomogeneity of CFRP and air). The values used in
simulation for these parameters are provided in Table 1 [19], [20].

Table 1. Material properties

Material

CFRP

Air

Property

Value

Electrical conductivity
In-plane thermal conductivity
Transverse thermal conductivity
Density
Specific heat capacity
Thermal conductivity
Density
Specific heat capacity

a = 50,000 S/m
k r = 2 W /m K
k z = 0.5 W /m K
p = 1500 kg/m3
Cp = 800 J/k g K
k = 0.026 W /m K
p = 1.204 kg/m3
Cp = 1005 J/k g K

Discretizing space and time as r = iAr, z = jAz, and t = kAt, where i, j , and k are
discretized coordinates, and Ar, Az, and At are space and time steps, and using a forward
time centered-space (FTCS) scheme, finite difference approximations to each term in Eq.
(3) may be written as:
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dT
^
. , T k+1( i , j ) - T k (i,j)
pCpH i ^ p ( l , j ) c P( l , j ) ----------- At------------

1 d t

dT\

r dr V r d r )

(4)

1
iAr
(5)
x ^ ( [ ( i + 1 / 2 ) A r ] k r (i + 1 / 2 , j ) T {l + 1>il r

[(i - 1 / 2 ) A r ] k r (i - 1 / 2 , j )

d (

dT\

1 (

Tz { k ^ ) = rz { k *(i’i + 1 / 2 )
k z ( i,j - 1/ 2)

T (l’J)

T k( i , j ) - T k( i - 1 , j ) ]
Ar

1

T k ( i,j + 1 ) - T k (i,j)
Az

(6)

Tk( i , j ) - T k( i , j - 1 ) ]
Az

'

Also, boundary conditions are incorporated as:

dT
k n ^ ~ = Qs - h c(T - T a)
dn
dT
<d^ = °

top s u r f a c e
all oth e r s u r f a c e s

(7)

where n, hc, and Ta denote the direction normal to the boundary, convective heat transfer
coefficient, and ambient temperature, respectively. The top surface boundary condition of
Eq. (7) represents the heat generated by the microwave excitation and thermal energy loss
due to convection. The remaining surfaces utilize the adiabatic boundary condition,
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meaning that the heat flux from these boundaries is assumed zero. A stable solution of Eqs.
(4)-(6) satisfies the stability condition [21] given as

1

(8)

f _ 2amax(1 / A r 2 + 1/ Az2)

where amax denotes the maximum thermal diffusivity of the materials involved.
The numerical model given above provides the temporal evolution of temperature
in the material/structure. The temperature is subsequently analyzed over the inspection
surface of the structure to predict the thermal profiles captured in practice by a thermal
camera during an AMT inspection. Using this numerical technique is advantageous over
commercial electromagnetic/thermal simulation software packages since it utilizes an
analytical electromagnetic solution given in Eq. (1), instead of a time-consuming full-wave
numerical solution. Specifically, due to the small skin depth (micrometers or less) of
conductive materials, the mesh size should be taken comparably small and subsequently
require a huge memory resource and processing time. Furthermore, the spatial two
dimensional heat transfer equation given in Eq. (3) (which has two spatial coordinates, r
and z) is used rather than a three-dimensional simulation. Therefore, the simulations may
run remarkably faster while providing accurate results (as will be shown later). The
simulation time becomes specifically important when evaluating defects by a reverse
approach. In such cases, the simulation is iteratively solved with swept values for
dimensions in order to find the best match between the simulation and measurement results.
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To quantify the temperature variation over the structure’s inspection surface (in
order to evaluate potential defects), the temporal temperature increase, AT(x,y,f) is defined
as

AT(x, y , t ) = T (x, y , t ) - T (x, y, 0)

(9)

where T(x,y,t) is the temperature distribution on the surface under inspection at a given
time t, and T(xy,t) is the initial temperature distribution. Using AT instead of the absolute
temperature, T, eliminates the effect o f the initial temperature distribution over the surface
and represents the temperature change resulting only from the microwave excitation.
Another important parameter, referred to as the thermal contrast, (TC), is defined
(temporally) as:

TC(t) = ( A T ( x , y , t ) ) D - ( A T ( x , y , t ) ) s

(10)

where (^)s and {•)d denote the average over a given sound and defective area, respectively.
Defective and sound areas refer to areas on the inspection surface above the location of
defective and sound areas within the structure (as most defects are located beneath the
surface). Therefore, the TC, as defined in Eq. (10), represents the temperature difference
caused by the defect and can be used to evaluate the defect.
For an air-filled defect such as an FBH, a positive TC is expected as the air is a
good thermal insulator and therefore reduces the loss of thermal energy through diffusion.
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As it relates to heat diffusion, FBHs with larger cross-sections and smaller depths will
result in less radial and transverse heat diffusion, as compared to smaller or deeper FBHs.
Therefore, the TC is expected to increase with FBH radius and decrease with depth. To
verify these expectations and further study the detectability of FBHs as a function of
dimensions, the TC obtained using the numerical technique discussed above and a coupled
electromagnetic/thermal model created in CST MPHYSICS STUDIO (CST MPS) are
shown as a function of depth for FBHs with 10, 15, and 20 mm radii in Figure 2. The
structure’s height (h) is assumed to be 5 mm and the microwave excitation is applied for
420 sec. Also, the frequency and power level of the incident energy are 2.4 GHz and 50 W
(respectively) in all simulations (to be consistent with the measurement results given in
Measurement Results Section).

Figure 2. Thermal contrast versus FBH depth for different radii obtained through
numerical analysis and CST MPS simulations
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The results of Figure 2 show good agreement between those of the abovementioned numerical model and those obtained via CST MPS. As a result, the numerical
approach developed for this work is used for all simulations hereafter. As is also evident
in Figure 2, the TC is dependent on the depth and radius of the FBHs. This quantity can be
used to estimate the detection likelihood of a FBH with a certain r and d. To this end, TC
is provided as isothermal contours versus r and d in Figure 3. From this, it’s noticeable that
the TC decreases from the top-left corner of the r-d plane, which represents high r/d ratios,
to the right-bottom corner, where r/d ratios are small. This ratio, called aspect ratio, is often
used to estimate the detectability of a defect in traditional thermography [16]. Similarly,
this ratio can be used as an estimate of defect detectability in AMT.

Figure 3. Thermal contrast isothermal contours for different radii and depths of FBHs
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Theoretically, the minimum TC required for a successful detection is equal to the
sensitivity of thermal camera used for measurement. As such, for any given structure,
microwave excitation, and thermal camera, a region in r-d plane exists which yields any
combination of r and d for which FBHs are likely not detectable. In Figure 3, this
undetectable region occurs when TC falls below 30 mK, the sensitivity of the thermal
camera used for measurements. However, in order to improve detection of such defects,
the power level or frequency of the microwave excitation can be increased in order to
increase the TC or using a thermal camera with lower sensitivity. In fact, according to Eq.
(1), the surface heat source (Qs) is linearly proportional to the incident power (Pinc). Also,
the intrinsic impedance of a conductor increases with frequency ( ^ m ^ /a ) and becomes
more similar to that of freespace, thereby reducing the amount of reflected energy and
increasing the absorbed energy. Therefore, as the TC is proportional to the absorbed power,
it would will also increase with increased excitation power and frequency. To verify this,
Figure 4 shows the TC after applying 420 sec of microwave excitation as a function of
frequency (in the operational band of the AMT system used for measurements) and
excitation power for an FBH with r =

8

and d = 4 mm (an undetectable FBH per Figure 3).

According to Figure 4, the TC meets the measurement threshold for a 75 W microwave
excitation operating at a frequency greater than 3 GHz, or with a 100 W excitation and a
frequency greater than 1.7 GHz. Therefore, for detection of any given FBH and
temperature measurement sensitivity, there is a combination of minimum excitation power
and frequency that must be met. However, practically speaking, this threshold may not be
achievable, as increasing the power level and frequency both increase system cost. In
addition, safety risks may also result as the power is increased. More specifically, for

22
normal environmental conditions and for incident electromagnetic energy of frequencies
from 10 MHz to 100 GHz, the radiation protection guide regulated by the Occupational
Safety and Health Administration (OSHA) is 10 mW/cm 2 as averaged over any possible
0.1-hour period [22]. In this work, compliance with the OSHA radiation standard is
achieved at least ~80 cm from the horn antenna aperture. As it relates to the safety of the
operator, if the operator remains outside of this area, OSHA compliance is achieved.
Furthermore, utilization of specific frequencies may be restricted by the United States’
Federal Communications Commission (FCC), or similar regulatory bodies in other
countries. To comply with FCC regulations, the operating frequency of 2.4 GHz is used,
which is in the unlicensed frequency band allocated for industrial, scientific and medical
(ISM) applications.

Figure 4. Thermal contrast as a function of frequency for different microwave excitation
powers
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3. M EA SU REM EN T RESULTS

In order to further illustrate the potential for AMT to inspect CFRP structures,
representative measurements on a CFRP sample, shown in Figure 5, were made. The
sample has a thickness (h) of 5 mm, and includes nine FBHs with radii of 10, 15, and 20
mm, each with depths of 2, 3, and 4 mm. The other side of the sample is intact and is the
interrogation and viewing side (i.e., surface that is excited by microwave energy and
subsequently viewed with the thermal camera). The CFRP sample consists of a number of
thin carbon fiber layers placed at various angles with respect to each other. Thus, the overall
sample consists of fibers that can be assumed to be located at all angles (from

0

deg to 180

deg). As such, the thermal and electrical properties of the sample are identical along any
in-plane direction (as discussed above for CFRP of this type). However, the fibers are
transverse to the sheet normal direction which causes the along-the-depth properties differ
from those of the in-plane.

Figure 5. Photograph of the CFRP sample with 9 (machined) FBHs with different radii
and depths

24
The measurement setup is shown in Figure

6

and consists of a microwave source

and amplifier, horn antenna, thermal camera, and control and data acquisition (DAQ) unit.
The thermal camera used in this work is the FLIR T430sc, with the specifications shown
in Table 2. The control and DAQ units synchronize the microwave and thermal segments
of the AMT system. All measurements are conducted at a frequency of 2.4 GHz and power
level of 50 W. The horn antenna faces directly toward the sample surface to maximize the
microwave-induced heat over the surface. The sample was placed a distance of 17 cm from
the antenna’s aperture (herein referred to as the lift-off distance). This distance was chosen
to ensure that the microwave excitation was sufficiently uniform over the inspection area
but also allowed viewing of the sample surface with the thermal camera. More specifically,
as a result of the electric field distribution of the horn antenna at the location of the sample,
the energy is mostly focused over an area commensurate with the aperture size (23x17
cm2). The camera has a skewed view of the sample surface. The measurement setup is fixed
during the entire measurement process. The thermal profiles taken by the thermal camera
are subsequently rotated by post-processing in order to remove the effect of the skew angle.
The sample is placed on a thermal insulator (Styrofoam) to avoid thermal losses from the
bottom surface.

Table 2. Thermal camera specifications

Parameter

Value

Detector type
Wavelength band
Detector size
Temperature resolution (NETD)
Temperature range
Optics
Frame rate

Uncooled microbolomer
7.5 - 13.0 pm
320 x 240
< 30 mK
-20oC - 120oC
Integrated lens 18 mm (25o)
30 Hz
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DAQ

Figure 6 . Active microwave thermography measurement setup

The measurements were conducted for a total excitation time of 420 sec (as in
simulations). In order to observe the effect of defects on the thermal profile over the sample
surface, Figure 7 illustrates the surface thermal profile for an FBH with r = 20 mm and d
=

2

mm at three instances of time within the excitation period.
The temperature increase is evident in both the defective and sound areas in Figure

7. However, the temperature increases more rapidly over the defective area (the middle
point of each image), resulting in a finite TC and a detectable FBH. This is significant in
that while microwaves do not interact with the FBH directly, the FBH can still be detected
due the effect of the FBH on thermal diffusion. This property of AMT is unique among
microwave-based inspections, as traditional microwave NDT relies on the direct
interaction of microwaves and materials, therefore finding application for subsurface defect
detection in dielectric materials, but only surface inspections of conductive materials (such
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as CFRP). The variations in the background are partly due the proximity of other FBHs
and the sample edges to the main FBH under inspection. Furthermore, noise from
environment (e.g., thermal energy from undesired sources reflected by the sample and
captured by thermal camera), emissivity variations over the inspection surface, thermal
camera noise, etc. show up in the thermal profiles. As the temperature values are small, the
temperature variations are significant and easily seen.

Figure 7. Thermal profile images for FBH with r = 20 mm and d = 2 mm captured at
different instants of time

To illustrate the effect of FBH radius and depth on the TC, measurement results for
three FBHs with a 20 mm radius and depths of 2, 3, and 4 mm are shown in Figure 8 (a),
and measurement results of three additional FBHs with a depth of 2 mm and radii of 20,
15, and 10 mm are shown in Figure

8

(b). Each measurement is repeated three times and

the results are averaged. The TC is calculated based on the average measured temperature
over

1 0 0

pixels for both defective and sound areas, in addition to a temporal average that

is calculated over 100 frames. These averaging processes highly suppress temperature
fluctuations due to noise. As seen in Figure

8

(a), the TC increases at a slower rate for
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deeper FBHs. In addition, the asymptotic maximum TC is also inversely proportional to
depth. Similarly, as is evident in Figure

8

(b), the rate of increase of the TC is also

proportional to FBH radius (i.e., larger radius, larger rate of increase). Both of these
behaviors are as expected, per the results of simulations. Specifically, the TC at t = 420 sec
for the curves of Figure 8 (a) are roughly 260, 160, and 110 mK and they are 260, 150, and
90 mK for the curves given in Figure

8

(b). These values are in good accordance with the

corresponding simulated TC values given in Figure 2 for the simulated FBHs with the same
radius and depth. This validates the presented simulation model as well as illustrates the
potential of AMT for detection of FBHs in electromagnetically conductive structures.

Figure 8 . Thermal contrast as a function of time for FBHs of (a) r = 20 mm and different
depths and (b) d = 2 mm and different radii
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To investigate the effect of sample distance and orientation with respect to the
antenna on the AMT inspection results, Figure 9 illustrates the TC versus time for an FBH
of r =

2 0

mm and d =

2

mm for two different lift-offs and two orthogonal polarizations

(referred to as P1 and P2). The polarization refers to the orientation of the incident electric
field. Since the antenna is linearly polarized, the sample was rotated 90° with respect to the
antenna to see the effect of polarization. As is evident in Figure 9, a smaller lift-off results
in a larger TC due to the increase in incident power level impinging on the sample surface
(i.e., reduced free-space losses). In addition, for a given lift-off, the TC is independent of
polarization. This is due the multidirectional nature of the fibers within the CFRP sample
(discussed above), causing the same electrical and thermal properties for all in-plane
directions. Hence, selection of the polarization of the microwave excitation is not a concern
for this sample. However, if the fibers are oriented in a single direction (i.e. unidirectional
CFRP), the optimum electric field polarization is perpendicular to the fiber orientation so
that the incident energy can penetrate into the sample and generate more heat, thereby
providing a better TC (as is shown in Ref. [13]).

Figure 9. Thermal contrast for different lift-offs and polarizations
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In AMT inspections, the temperature distribution is subject to non-ideal temporal
and spatial variations due to noise from the environment, emissivity variations over the
inspection surface, internal noise of thermal camera, etc. Because of the relatively low
temperature increase for AMT measurements of CFRP materials (on the order of 30 - 300
mK for the current CFRP sample), the level of noise is expected to be nontrivial relative to
the thermal contrast caused by defects. To quantify and evaluate the effect of noise on the
measurement results, the signal-to noise (SNR) is defined as [23]

, ,
TC2( t )
S N R ( t ) = 10 lo g io -2 7 7 T
°5 W

(1 1 )

where us2 (t) is the noise power (variance of temperature distribution over sound area) and
is calculated as

0s2(O = ([A T (x , y , t ) - (AT (x , y , t ))s]2)s

(12)

In Figure 10, the SNR for three different FBHs is shown as a function of time. As
expected, the SNR in Figure 10 is higher for the FBHs with larger r or smaller d due to
higher level of TC. More importantly, this quantity experiences a considerable rate of
change during the first 60 sec of microwave excitation. In addition, the SNR (in all cases)
saturates (i.e., reaches an asymptotic value) after ~120 sec of microwave excitation. With
this in mind, there is a maximum effective heating time of ~

1 2 0

sec after which continued
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excitation does not improve the SNR. Therefore, the optimum (fastest inspection without
loss of quality) inspection time can be considered

~ 1 2 0

sec for this application.

Figure 10. Signal-to-noise ratio for three FHBs with dimensions given in the figure
legend

The SNR as defined in Eq. (11) uses the thermal contrast between defective and
sound areas to evaluate the signal level. The SNR can also be considered from an image
point-of-view (i.e., similar to the thermal images of Figure 7) in order to observe its
saturation and evaluate the noise level throughout the inspection surface. Thus, the SNR
over the whole inspection surface may be defined as:

S N R ( x , y , t ) = 10 logic

[AT (x , y , Q - {AT(x , y , Q ) 5 ] 2
0

(13)

s2( O

Using Eq. (13), SNR images are presented in Figure 11 for three different excitation times.
As can be seen in Figure 11, the defective area appears after only an excitation time of ~30
sec due to the steep increase in the signal (TC) level relative to noise shown in Figure 10.
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Also, the SNR saturation evident in Figure 11 can also be observed here by comparing the
images at 120 and 420 sec. In other words, the equivalence of the images at 120 and 420
sec illustrates the SNR saturation and subsequently the maximum effective heat time.

Figure 11. Signal-to-noise ratio image for FBH with r = 20 mm and d = 2 mm at different
instants of time

4. CONCLUSION

Active microwave thermography (AMT) is an integrated nondestructive testing
tool with strong potential in numerous aerospace and infrastructure applications. To this
end, this work considers AMT as a potential inspection approach for detection of flatbottom hole (FBH) defects in conductive composites (specifically, CFRP). Specifically,
the effect of radius and depth, or combined as radius-to-depth ratio of FBH on its detection
likelihood was studied through simulation and measurement. By considering the thermal
contrast (i.e., difference between the temperature increase of a defective area and that of a
sound/healthy area), it has been shown that detection likelihood can be improved by
increasing the operating frequency of the microwave excitation or power level. AMT
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measurements were conducted for a number of FBHs machined in a multidirectional CFRP
sheet showing practical possibility of detecting defects in conductive composites. The
results showed that TC is independent of polarization selection for multidirectional (unlike
unidirectional) CFRP due to its in-plane symmetrical structure. Ultimately, monitoring the
signal-to-noise ratio (SNR) over time showed that a high level of defect information
relative to background noise (>20 dB) is achievable after ~60 sec of microwave excitation,
and a maximum effective heat time of

1 2 0

sec.
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II. ACTIVE MICROWAVE THERMOGRAPHY TO DETECT AND LOCATE
WATER INGRESS

ABSTRACT

This paper reports on the application of a new and efficient nondestructive testing
and evaluation (NDT&E) technique referred to as active microwave thermography (AMT)
used to detect and locate water ingress within a structure. First, a mathematical formulation
and analysis is established that relates the water extension and location to the temperature
distribution over the inspection surface and enables evaluation of water from the measured
temperature data. Following the analysis, AMT measurement results of a small volume of
water, placed in a rubber sample at a predetermined location, are reported. The results
verify the analysis and demonstrate the potential of AMT for water detection. Additionally,
analysis of the measurement data indicates the potential of AMT for not only detection of
water ingress, but also accurate depth estimation of small amounts of water ingress.

1. INTRODUCTION

Fluid absorption or the existence of undesired fluid, especially water ingress, may
degrade the mechanical performance of composites and lead to structural failure [ 1 ]-[ 6 ].
Also, leakage from buried parts of water distribution networks and reservoirs can result in
a serious amount of lost water [7]-[14]. Therefore, several nondestructive testing and
evaluation (NDT&E) techniques are already employed to detect and locate the water
ingress in composites and civil structures such as glass-fiber-reinforced polymer (GFRP)
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composites, aerospace honeycomb structures, and buried pipes. These techniques include
infrared (IR) thermography, electromagnetic and microwave methods, ground penetrating
radar (GPR), and acoustic methods [1]-[14].
Active microwave thermography (AMT) is a relatively new NDT&E method which
has shown strong potential in detection and evaluation of various defect types such as
crack, void, and delamination that impact composites and infrastructure [15]-[24]. This
paper extends the spectrum of AMT applications to include detection and evaluation of
water ingress. In AMT, a microwave signal of medium power (in the order of tens of watts)
is radiated towards the inspection surface of the structure under test. For dielectric
structures and depending on the structure’s electromagnetic properties, a portion of the
incident microwave energy penetrates the structure. Generally speaking, dielectric
materials are described by their complex permittivity (often expressed relative to that of
free-space, s 0 ) as Sr = s / - jsr" where e / (or dielectric constant) represents the ability of a
dielectric material to store microwave energy, and Sr” (or loss factor) represents the ability
of a material to absorb energy. Dielectric heating results from absorption of microwave
energy in lossy dielectric materials. Thus, when a lossy dielectric is irradiated with
microwave energy, dielectric heating occurs as a result of the absorbed energy. As it relates
specifically to this work, in the case where there is water (a lossy dielectric) ingress within
a structure, the water will interact with the penetrating microwave radiation and convert
this energy into heat (i.e., thermal energy), resulting in dielectric heating. This is different
from Joule heating, which takes place in conductors exposed to electromagnetic radiation.
While this microwave-based heat generation takes place everywhere in the
structure, it will be greater in the water than in the background material, as the loss factor
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of water is substantial [25]. Therefore, the area of the structure undergoing water ingress
acts as a non-uniform volumetric heat source. Moreover, the amount of heat generated in
the water depends on its volumetric distribution within the structure and the interrogating
microwave energy parameters such as its strength (power level) and frequency.
Subsequently, the generated heat diffuses inside the structure and reaches the inspection
surface, where it causes a non-uniform temperature distribution that is greater in areas near
the water ingress. Like other thermographic techniques, the inspection surface in AMT is
monitored via a thermal camera which enables measurement of the temperature
distribution. Spatial and temporal variations of the temperature distribution then are
analyzed in order to obtain information regarding the water ingress. This information may
include approximate volume and extension of the water ingress and its depth. As it relates
to depth determination, often an approximate cross-sectional extension of the defect can be
easily and directly identified in thermal images (generally speaking for thermographic
techniques). However, evaluation of the depth of a defect often requires complex analysis
on the temporal evolution of the thermal images, as is the case in this work.
In general, AMT has several advantages including short inspection times for
relatively large areas, non-contact interrogation and inspection, and easy-to-interpret
results (results are obtained in an image format and can be visually interpreted to some
extent). Beside these advantages that AMT shares with other thermographic methods [26],
microwave radiation as the thermal excitation is particularly well-suited for detection of
water ingress due to the fact that water is highly absorptive to electromagnetic energy in
the microwave frequency range [25]. In fact, AMT offers the advantage of selective heating
as the heat source is exerted only upon the defect (water ingress), with less interaction with
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the background material. In this case, unlike conventional thermography, the defect acts as
a heat source, rather than merely affecting the heat diffusion. As such, AMT is uniquely
effective and potentially superior to other thermographic methods.
In this research, microwave radiation at 2.4 GHz is utilized because water has a
high absorption of microwaves at this frequency. Further, this frequency is in the licensefree industrial, scientific and medical (ISM) radio band. Measurement results are provided
in Section III, after the modeling results of Section II, that show a high efficacy of AMT
for water detection and validate the relevant formulation and analysis provided next.

2.

MODELING AND THEORY

2.1. BASIC FORMULATION
As mentioned, the temperature distribution over the surface of structure is measured
in an AMT inspection and used to extract information regarding defects within the
structure. The relationship between the defect (water ingress) acting as a heat source, Q,
and the temperature distribution induced by this source, T, can be established by the heat
equation as [27]:

(1 )

where a, p, and c denote the thermal diffusivity, density, and the specific heat capacity of
the structure in which heat diffuses, respectively. In other words, the heat equation of (1)
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relates the temporal and spatial variation of temperature to the heat source and material
properties. In addition, in this paper, the temperature (T) refers to the temperature increase
caused by the water ingress, and does not reflect the initial temperature distribution or the
temperature rise caused by the background material (structure).
To find the temperature distribution from (1), the model shown in Figure 1 is used.
In this model, the structure is assumed as a half-space located at z < 0 and contains water
ingress of volume, V. Moreover, the x- and y-axes represent cross-sectional coordinates,
and the z-axis (positive z) points toward the structure depth, with the inspection surface
located at z = 0. Using the Green’s function method as detailed in [28], the solution to (1)
can be written as:

(2 )

This equation relates the temperature over the inspection surface at point (xy) to the heat
source distribution located at (x'y',z') at any time. In addition, dV ' = d x ' d y ' d z ' is the heat
source’s element of volume, and G denotes the Green’s function and has the closed form
of

1

G ( x , y , t |x ' , y ' , z ' ) =

3

4^nat

exp —

(x - x J\2
' ) 2 + (y — y ,/\2
' ) 2 + z,/2 "|
4at

(3)
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for the model of Figure 1 when the thermal boundary condition is assumed to be adiabatic
on the inspection surface. For controlled environments and small temperature increases
over the structure surface (as in AMT), this assumption is very accurate since the air is
steady above the surface and has a low temperature difference with the surface.

Structure
Figure 1. Basic model used to formulate and analyze water detection using AMT

In order to use (2) to determine the surface temperature distribution (T), the thermal
source’s power density (Q) as a function of space and time must be known. In AMT, the
microwave excitation is continuously applied for a certain time, referred to as heating time
(denoted by t). In addition, the cooling period starts when the microwave excitation is
removed. Therefore, the power density due to the dielectric heating may be written as:

< t <T
oth erw is e
0

(4)

where f, e/', and E are the microwave frequency, dielectric loss factor of water, and the
magnitude of the incident electric field in the water, respectively. The complex permittivity
of water at 2.4 GHz and room temperature is 77 - j9 [25]. This value remains constant
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throughout this research because the frequency is fixed and the temperature change does
not exceed 4 °C. As mentioned earlier, high value of water’s dielectric loss factor results
in high absorption of microwave energy by water, thereby enabling water ingress detection
by AMT efficiently. In addition, the value of E depends on many factors including the
incident microwave power density, material properties of the background structure (here,
rubber), and the location and distribution of the water ingress.
A closed form solution to (2) cannot be obtained in most cases due to the
complexity of the integrals and the convolution operator within the integrals. Hence, it is
often numerically evaluated. However, a closed form solution for the temperature
distribution over the structure surface can be calculated from (2 ) for an infinitesimal
volume of water, V, located at (0,0,d), and is given as:

r
T ( r , t ) = Q0V e r f |
2nkr
^ 4 a ( t — r ) u ( t = ^ ) — 'e r / ( v ^ )

(5)

where k = ape is the thermal conductivity of the structure and r = ^ x 2 + y 2 + d 2 is the
distance from the water ingress to the measurement point on the surface. Also, Q0 =
n f £ 0£ f E 2, which is, generally speaking, a function of water ingress distribution (i.e., its
volume). However, this quantity is independent of volume when V is infinitesimal such
that the scattering of the microwave fields by the water ingress be insignificant and the
electric field be considered constant within the entire water volume. This condition requires
the water to be thinner than approximately one-tenth of the wavelength of the microwave
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in the water [29] (in this case, approximately 1.4 mm). As a result, the temperature is a
linear function of volume according to (5) for infinitesimal V.

2.2. SIMULATIONS
To verify the formulation of (5) and investigate the effect of water ingress depth on
temperature, an AMT test to detect a small rectangular volume of water with V = 0.05 mL,
equal to volume of an average water drop [30], is simulated and compared with the
temperature as calculated using the analytical expression of (5). Specifically, full wave
simulations are conducted using a coupled electromagnetic/thermal model created using
CST Microwave Studio and Multiphysics Studio software packages. The simulated
structure consists of a piece of rubber exposed to 300 seconds of microwave radiation with
50 W incident power at 2.4 GHz. The water ingress is placed at depths of 6 , 9, and 12 mm.
The electromagnetic and thermal properties of water and rubber are given in Table 1, and
the simulated results are given in Figure 2 as a function of time and position on the structure
surface (cross-sectionally above the location of water ingress).

Table 1. Properties of water and rubber [25],[31],[32]

Material
Water
Rubber

Property

Value

77
Dielectric Constant
(£r)
9
Dielectric Loss Factor (Sr”)
2.4
Dielectric Constant
(£r)
(a) 0 . 1 1 mm2/s
Thermal Diffusivity
J
k
)
0.16 W/m K
Thermal Conductivity
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In Figure 2(a), temperature on the rubber surface above the location of water ingress
is shown versus time. As expected, the temperature rises during the heating period and
reduces during the cooling period. The temperature decay has a delay from the cooling
period start-point (i.e., t = 300 5 ) which is a function of water depth, as is discussed later.
Also, the absolute temperature values are highly affected by the depth of water. That is to
say, the maximum temperature increase for the cases with depths of 6, 9, and 12 mm is
1.56, 0.66, and 0.32 °C, respectively. In addition, as the thermal camera used in this work
has a temperature sensitivity of 0.03 °C, shown by the green line in Figure 2(a), detection
of very small volumes of water (one drop, in the current case) is possible after a few
minutes. More specifically, a heating period o f 1 minute is sufficient for detection of a drop
at a depth of up to 15 mm, 4 minutes for detection up to 25 mm, and a 10-minute inspection
can theoretically detect this volume of water at a maximum depth of 34 mm.
In Figure 2(b), the temperature distribution on the structure surface is shown versus
position over the water ingress. As seen, when the heat source (water ingress) is located
deeper in the structure, the temperature curves have wider spatial distributions. In fact, the
thermal energy spreads more extensively before reaching the surface for larger depths. As
a result, the spatial temperature distribution is better confined to the corresponding physical
distribution when the source is closer to the surface and therefore is a better indication of
the cross-sectional extension of water. This will also be shown in the next section with the
results of experimental AMT tests.
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Figure 2. Temperature versus time (a) and position over the structure surface (b) for 0.05
mL water ingress at depths of 6 , 9, and 12 mm, calculated analytically and by coupled
electromagnetic/thermal simulations

In Figure 3, a 3D representation of the distribution of the stored thermal energy
density (in J/cm3) generated by microwave heating, inside and over the surface of the
structure, is shown for the case of d = 9 mm at t = 180, 360, and 540 sec. This quantity is
calculated by the proposed analytical formulation and the equation q = pcT [27]. As
shown, the thermal energy is highly concentrated at and around the location of water
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ingress during the heating period, as shown for t = 180 sec. As the time increases (i.e., t =
360 sec), a significant amount of thermal energy has reached to the surface of the sample
and the temperature on the sample surface is maximum (see Figure 2a). During the cooling
period, on the other hand, heat diffuses further into the sample away from the location of
water ingress, as can be seen at t = 540 sec.

Figure 3. 3D distribution of stored thermal energy for water ingress with d = 9 mm at
different instances of time

For a better observation of the dependence of temperature on depth, the maximum
value of temperature is calculated by (5) for different values of d and t for the same
microwave power, water volume, and structure as given before, with the results depicted
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in Figure 4. Specifically, in Figure 4(a), the maximum temperature is calculated for depths
of 5-15 mm with the heating time ranging from 1-10 min. As seen, the temperature highly
depends on the depth and exponentially decreases for larger depths. This leads to reduced
detectability of the water since detectability of a defect depends on the induced surface
temperature along with the sensitivity of the thermal camera [15]. Moreover, the
temperature and subsequent detectability increases with the heating time, as expected. This,
however, requires longer inspections. More specifically, for deeper defects, the
temperature may have a maximum that is below the temperature measurement sensitivity,
as shown in Figure 4(b), where the maximum temperature is shown for depths of 20-50
mm. For a thermal camera with a sensitivity of 0.03 °C (as is used for this work), water
ingress that yields a temperature less than this value are undetectable, as indicated in the
figure. For example, with a heating time of 300 sec, the maximum depth for a detectable
defect is 27 mm, but this value is 34 mm if the heating time is 600 sec. These values are
for the specific structure, microwave excitation, and water ingress distribution as are given
here and must be recalculated for different inspection scenarios. In addition, as is apparent
in Figure 4 (both), the temperature does not monotonically grow with the heating time and
the curves of high

t

asymptotically approach a limit. More specifically, in the limit of

infinite heating time, (5) reduces to Tmax = QdV/2nkd. By considering a theoretical
detectability criteria defined as Tmax > S, where S is the sensitivity of the thermal camera,
a relationship between depth and sensitivity can be defined as d < Q0V/2nkS. For the
parameters used here, a defect deeper than 669 mm is (theoretically) undetectable, even
with an infinitely long heating time, according to this relation. This relation also indicates
an inverse proportionality between detectable depth and the structure’s background
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material’s thermal conductivity. This means that AMT is more efficient in detection of
water in structures with lower thermal conductivities, while in conventional thermographic
techniques, the difference between thermal conductivities of the structure and the defect is
important [33]. This may make AMT superior to conventional thermography for structures
with a thermal conductivity close to that of water. In addition, it should be noted that one
way to increase the induced heat is to employ a higher frequency or microwave excitation
power as Q 0 k f E 2. However, increasing the power level and frequency both increase
system cost along with regulatory and safety limits that may be imposed [15].

(a)

(b)
Figure 4. Maximum of temperature vs. depth for different values of heating time
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2.3. DEPTH EVALUATION
According to Figure 2, beside the impact of depth on the maximum value of
temperature increase, for a deeper water ingress, the rate of temperature change is less than
that of shallower ingress in both the heating and cooling periods. In addition, the transition
between the increasing and decreasing temperature takes place at a later time (relative to
the shallower depths). In fact, for near-surface water ingress, the temperature reaches its
maximum at the end of heating time and starts decreasing immediately in the cooling
period, while, due to the distance between the water and the inspection surface for deeper
water ingress, the temperature maximum occurs with a delay, At with respect to t . This
concept is illustrated in Figure 5. Moreover, this delay, which can be measured in any AMT
inspection, can be used to estimate the depth of water ingress inside the structure. Based
on this, as the rate of change of T with respect to time is zero at the maximum of T, the
equation d T / d t \ t=to = 0 is considered to find the relation between t 0 = t + At and d. As
the desired relation depends on the distribution of water ingress, a simple model shown in
Figure 6 (a) is used here. In this model, a very thin rectangular layer of water with height,
h, and cross-sectional dimensions, l and w, is placed in a depth of d inside the structure.
The heat source then is considered as

q

= \Q o h S ( z - d)
0

l
w
\x\ < - ,\y \ < —, 0 < t < t
oth erw is e

Using (2) and ( 6 ) and applying d T / d t = 0, the depth can be found as:

(6)
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(7)
d =

4 a t 0At
----- — In
T

e r f ( l / 4 V a A t ) e r f ( w / 4VaAt)
e r f ( £ / 4 j a t 0) e r f ( w / 4 j a t 0)

which can be used once the length and width of water ingress is estimated from the thermal
images. As it relates to practical inspections, in many cases, ingressed water distributions
are of the special forms shown in Figure 6 (b): extended (when water ingress has a large
cross-sectional area), linear (such as water seeped into a crack or vein), and point (like
drops) [34]. In all of these cases, (7) can be simplified as:

d = k

where

k

(1,

w ^ m) = 1,

2 a t 0At
f -

^

(8 )

y

f t 0\
in

^ m , w ^ 0) = V 2 and

linear, and point distributions, respectively. Here,

k

k

(1, w

^

0

) = V3, for extended,

is a coefficient that depends on the

cross-sectional extension of the water and is always 1 <

k

< V3. Using ( 8 ) for the three

cases of Figure 2 with ft = 319, 357, and 427 sec (extracted from the curves in Figure 2)
yields exact values for ingress depths of 6 , 9, and 12 mm (the precise values used in
simulation above). The formulation given in this section, therefore, is validated by
comparing the results of ( 8 ) to the simulation results obtained from commercial software
CST Microwave Studio and Multiphysics Studio.

50

Figure 5. The microwave excitation pulse shape and temperature response to this
excitation for near-surface and deeper water ingress cases
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(a)

(b)
Figure 6 . (a) Rectangular model used to study the relation between water depth and the
delay time, At, and (b) special water distributions

2.4. EFFECT OF BACKGROUND MATERIAL
For the simulation results provided in the previous sections and measurements
provided in the next section, rubber, as a representative material within which water ingress
may occur, was assumed to be the background material. Detection of water ingress in
rubber finds application in inspection of submarine acoustic tiles [35], heavy electrical
component insulators [36], sealed cabins of aircraft and ships as well as in hightemperature and high-pressure water and oil seal rings [37]. The application of AMT for
water ingress detection, however, is not limited to rubber and can be considered for any
material which allows microwave energy to penetrate. This includes a variety of materials
such as GFRP, honeycomb, and mortar. For good electrical conductors and dielectrics with
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significant loss, the application of AMT for detection of water ingress will be very limited,
since the microwave energy does not penetrate the surface and hence will not reach the
water. Therefore, in order to study the effect of background material properties on the
efficacy of AMT, a number of simulation results are presented here.
In general, permittivity (er), thermal diffusivity (a), and thermal conductivity (k)
are the parameters which fully characterize the background material’s effect on the thermal
response of water ingress. These parameters are given for GFRP, HRH-10 honeycomb, and
mortar in Table 2. The HRH-10 honeycomb is a dielectric honeycomb structure which is
widely used throughout the aerospace industry, as most of the interior panels of commercial
jets and exterior aircraft parts such as radomes, fairings, helicopter blades, flaps, etc., are
made with this material [40]. As this structure is a very low-loss dielectric, AMT is
expected to easily detect water ingress trapped within its cells.

Table 2. Materials properties [38]-[41]

Material
Rubber
GFRP
Honeycomb
Mortar

1 .1

1

k (W/ m K)
0.16
0.43
0.07

4.8 - j 0.05

0 . 6

1 .2

£r
2.4
3.5 - j 0.07

a (mm2/s)
0 . 1 1

0.26

The thermal response to the microwave excitation is given in (5) and was evaluated
for rubber, as shown in Figure 2. For the same case shown in Figure 2 (V = 0.05 mL and d
= 9 mm) but with different background materials, the temperature versus time is depicted
in Figure 7. As seen in this figure, different materials render different responses to AMT.
Specifically, for rubber, GFRP, honeycomb, and mortar, the maximum of temperature
occurs at different times with At = 57, 17, 3, and 5 sec, respectively. According to these
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values and also from (8), for a material with a lower diffusivity, the maximum temperature
occurs at a later time. More importantly, the maximum values of temperature increase for
the rubber, GFRP, honeycomb, and mortar are 0.66, 0.43, 2.26, and 0.20 °C, respectively.
These values show how thermal conductivity of the background material affects the
maximum temperature rise and thus the detectability of a defect. In fact, according to (5),
for a constant a, the maximum temperature is inversely proportional to the thermal
conductivity. Therefore, the low thermal conductivity of honeycomb (which is due to its
low mass density [40]), the temperature has a much steeper increase and this results in a
faster detection of water ingress. On the other hand, mortar is a weak thermal conductor
and therefore the rate of temperature increase is reduced.

Figure 7. Temperature increase versus time for 0.05 mL of water ingress at a depth of 9
mm, calculated for different materials

For a better demonstration of the effect of background material properties on the
maximum temperature increase and the time at which this maximum occurs, Tmax and At
are shown versus a and k when other parameters are constant (er = 2.4, V = 0.05 mL, d = 9
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mm, and

t

= 300 sec), in Figure 8. As expected, At is smaller for higher values of a since

a higher thermal diffusivity means that the heat diffuses faster in the materials and that
shortens the time required for the heat to reach the sample surface. Tmax, however, is a
function of both a and k, and increases significantly for lower values of k. The effect of
background material’s thermal diffusivity and conductivity on thermal responses in AMT
tests was shown in this section (in Figure 7 and Figure 8) and can be extrapolated to other
materials when detection of water ingress is desired. It should be also noted that AMT’s
success is limited when background materials, such as conductive materials, do not allow
penetration of microwave radiation into their depth.

Figure 8. Maximum of temperature increase and At versus a and k
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3. MEASUREMENTS

3.1. METHOD
The AMT system is depicted in Figure 9. The system consists of an RF source
locked at 2.4 GHz and a 50 W microwave amplifier. A ridged horn antenna is used to direct
the microwave radiation onto the structure surface. This antenna is capable of handling and
radiating high-power microwave energy in the operational frequency range of 1-4 GHz
with a gain of 14 dBi at 2.4 GHz. The antenna has a total length of 40 cm and aperture
dimensions of 23*17 cm2. A thermal camera (FLIR T430sc) with sensitivity and frame rate
of respectively 0.03 °C and 30 Hz is used to measure the surface thermal profile of the
structure. The thermal camera captures thermal images with a resolution of 320 * 240
pixels. The spatial resolution of the thermal images of the sample surface depends on the
camera’s field-of-view. In this work, thermal images have a resolution of 0.6 * 1.1 mm2
over the sample’s surface. The RF source, power amplifier, and thermal camera are
controlled and synchronized by the control unit. The control unit consists of a data
acquisition (DAQ) device which is controlled by the software package MATLAB.
MATLAB’s data acquisition and image acquisition toolboxes work simultaneously to
control the microwave excitation and record thermal images.
The distance between the antenna and surface of the structure under test is referred
to as the lift-off distance. For AMT inspections, the lift-off distance must be such that the
incident power over the inspection area results in a measurable temperature increase but
also allows viewing of the sample surface with the thermal camera. For this work, the lift
off distance is 13 cm for all measurements. The radiation from the horn antenna covers the
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region containing the defect that is located in the saturated paper towel. For cases where a
large inspection area is needed, sections of the structure can be inspected individually by
raster scanning, or by using an antenna, or multiple antennas with a wider radiation pattern.
In any case, the analysis method and outcomes reported herein remain the same.

Figure 9. AMT system for water detection

3.2. RESULTS
A number of tests were performed using the AMT system as described above, to
investigate the practical efficacy of AMT for water detection. The water was added to a
4x4 cm2 piece of paper towel and the paper towel was sandwiched between a thick (2 cm)
rubber sample at the bottom and thin (1-7 mm) layers of the same rubber at the top. The
thickness of the top rubber layer is then considered as the depth of the water. Three different
volumes of water, 0.5, 1, and 2 mL, were added to the paper towel and correspond to h =
0.3125, 0.6250, and 0.9375 mm, respectively. As a result, the water distribution was
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assumed to be that illustrated in Figure 6(a) (rectangular with dimensions l, w, and h and
depth d from the surface). The microwave excitation of 50 W at 2.4 GHz was applied for
300 sec, with an additional 300 sec of cooling time (i.e., a total test duration of 600 sec).
Thermal images were recorded and post-processed in order to yield temporal and positional
temperature behavior. Also, the initial thermal image at t = 0 sec is subtracted from all
subsequent thermal images in order to obtain the temperature increase (considered above
in the simulated and analytical results) instead of the absolute temperature. In Figure 10,
the thermal images are shown for the cases of d = 1 and 4 mm and all three volumes at t =
120, 300, 330, and 600 sec. Dashed black lines over the thermal images show the physical
cross-sections of water below the surface. As seen and expected, the temperature is greatest
at a location centered on the location of water, and the hot area is considerably confined
within the water boundaries. In addition, small volumes of water such as 0.5 mL are clearly
detected after 120 sec of microwave heating. In addition, due to thermal diffusion, the
temperature is not zero outside the boundaries, especially at latter instances of time. More
specifically, the temperature becomes more uniform at t = 600 sec since by this time in the
cooling period, the heat has diffused significantly to adjacent areas. Furthermore, it can be
noted that for deeper water (4 mm depth), the temperature is more spread over the
inspection surface, as was discussed and shown in Figure 2(b). This fact makes it harder to
estimate the physical extension of deeper water, as the thermal images lose contrast.
Another important aspect seen in the thermal images of Figure 10 is that for the
depth of 1 mm, the temperature is maximum at t = 300 sec, while it is maximum at t =
330 sec for the depth of 4 mm. In fact, the depth of 4 mm corresponds to t 0 = 326 sec as
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calculated by (8) for the maximum of the temperature, indicating good agreement
between the theory above and measurement results.

Figure 10. Thermal images related to different volumes and depths of water at different
times obtained through AMT measurements
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To further investigate the potential of AMT for evaluation of water depth, water
was placed at depths of 1, 2.5, 4, 5.5, and 7 mm and the temporal evolution of temperature
was monitored. The temperature was averaged over a square area (to reduce the effect of
noise with respect to a single point) of 4*4 mm2 centered on top of the water [15]. Figure
11 shows the temperature curves obtained through experiments as well as numerical
evaluation of (2). Excellent accordance between the measured and numerically evaluated
results is observed. More importantly, the measured delay, At, was used to estimate the
depth of water from (8). Table 3 lists the measured to and the corresponding depths
calculated by (8). As seen, the calculated depth values are in good agreement with the
actual depths and the relative error is small (~5% on average). The error can be due to noise
from the environment, variations of sample emissivity and thermal properties, thermal
camera intrinsic noise, etc. These results strongly support the potential of AMT as an
efficient NDT&E technique for detection and evaluation of water ingress.

Figure 11. Experimental and numerical evaluation of temperature (normalized) caused by
water ingress at different depths and the effect of depth on the temporal evolution of
temperature curves
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Table 3. Calculated depths of water and their errors

Actual d (mm)

Measured to (sec)

Calculated d (mm)

Error (%)

1
2.5
4
5.5
7

301
308
330
367
420

1.1279
2.5897
4.2383
5.7069
7.2065

12.8
3.6
6.0
3.8
2.9

4. CONCLUSION

The potential of active microwave thermography (AMT) as an inspection tool for
detection of ingressed water was assessed through mathematical analysis, simulations, and
measurement. The results indicate that AMT has strong potential to detect and locate small
volumes of water ingress after a few minutes of microwave excitation. Specifically, an
amount of water on the order of a few drops was detected in a rubber sample at a depth of
a few millimeters. More importantly, the depth of water was estimated using experimental
data and mathematical formulation, with an average error of ~5%. To this end, a simple
formulation was proposed to relate the temporal behavior of the temperature obtained
through AMT measurements and the depth of the water. In addition, the relationship
between the detectability of water and the test parameters such as the microwave excitation
frequency and power, water volume and depth, structure properties, and the heating time
was established.
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III. EFFICIENT HEALTH MONITORING OF RAM-COATED STRUCTURES
BY ACTIVE MICROWAVE THERMOGRAPHY

ABSTRACT

In this paper, the application of active microwave thermography (AMT) is
investigated as an efficient nondestructive (NDT) technique for health monitoring of
structures coated with radio-frequency absorbing materials (RAM). The uniqueness of
AMT for this particular application is the use of the microwave excitation which acts as a
highly efficient thermal source due to the inherent absorptive electromagnetic properties
of RAM-coated structures. In addition, the microwave induced heating takes place
subsurface within the absorbing material of a RAM-coated structure, as opposed to the sole
surface heating of conventional thermography. Specifically, this work focuses on detection
of delamination, which is a common defect in carbon fiber reinforced polymer (CFRP)
structures, via AMT. To this end, a comprehensive formulation and analysis method based
on electromagnetic/thermal modeling is presented that enables estimating the output of an
AMT inspection of a RAM-coated CFRP structure suffering from delamination. The effect
the structure’s constitutive properties, microwave excitation parameters, and the
delamination size and depth on the defect detectability are investigated. In addition, several
simulated and experimental results are provided that verify the accuracy of the proposed
approach and show the high efficiency of AMT for detection of delamination in such
structures.
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1. INTRODUCTION

Radio-frequency (RF) absorbing materials (RAM) are widely used to reduce
electromagnetic interference and scattering from reflective surfaces such as those utilized
in aerospace and military applications. In particular for aerospace and military applications,
structures of interest are often constructed of metals or several layers of carbon fiber
reinforced polymer (CFRP) laminates. CFRP-based structures consist of carbon fibers
embedded within a binding polymer matrix (usually an epoxy resin), effectively creating a
CFRP laminate. These structures can sustain impact damage causing delamination in the
CFRP that may not be readily visible through the RAM coating. Thus, it is important to
nondestructively assess such structures for their structural health (i.e., defect detection).
Nondestructive testing (NDT) techniques for health monitoring of aerospace and
military structures include microwave [1],[2], ultrasound [3], X-ray [4], and thermography
[5]-[9]. Thermography in particular is a conventional NDT technique with a wide range of
applications and many advantages including non-contact, fast inspection of relatively large
areas, and easy-to-interpret results, amongst others. This technique can be applied in a
passive or active manner, depending on the thermal excitation. In active thermography,
heat (thermal energy) is induced into the structure under test by an active source, such as
optical, electromagnetic, or acoustic [8]. More recently, active microwave thermography
(AMT), a relatively new thermographic NDT approach that uses microwave radiation to
create the thermal excitation, has been introduced into the NDT regime with promising
results [10]-[20]. As it relates to structures with an RF/microwave absorbing surface (i.e.,
a RAM coating), when the structure is illuminated with microwave energy, a significant
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portion of this energy is absorbed and converted into thermal energy. Therefore, the RAM
can serve as an efficient thermographic heat source to the underlying structure. The
resulting surface thermal profile of the structure under inspection is measured with a
thermal camera. In this way, subsurface defects present in the structure may affect the heat
diffusion and present as indications in the resulting thermal image. AMT is an especially
good candidate for inspection of such structures due to the inherent electromagnetic
properties of the RAM itself. In other words, these materials are designed to reduce
(through energy absorption) the amount of electromagnetic energy that is scattered (or
reflected) from (subsurface) conductive materials. Thus, from an AMT perspective, the
RAM, when under microwave illumination, absorbs the energy and subsequently
undergoes a temperature increase; an essential component in thermographic techniques. In
addition, unlike conventional thermography in which heat is generated mostly at the
surface, the microwave heating takes place throughout the RAM volume (as well as its
surface). In this way, the thermal source is located flush against the substructure rather than
at the surface of the coating and hence the detection capability may be improved.
The utility of AMT for this application has been demonstrated in [14], where a thin
RAM was placed on the surface of a CFRP laminate containing flat-bottom holes (FBH)
as standardized defects. It has been shown that defects were easily detected when the RAM
was present. This work extends this proof-of-concept work through a comprehensive
electromagnetic/thermal formulation and analysis. Based on this and through simulated
and experimental results, the potential for AMT to inspect for the presence of damage,
specifically delamination, in RAM-coated CFRP structures, and the effect of parameters
including the electromagnetic properties of the RAM, microwave excitation parameters

68
(power, frequency, incidence angle, and polarization), and delamination size and depth are
investigated.

2. MODELING AND FORMULATION

In AMT, the structure of interest is exposed to microwave radiation, often of medium
power (on the order of tens of watts), which is directed by an antenna toward the structure
under test. A portion of this energy is absorbed and subsequently converted into thermal
energy and the rest is reflected back, as shown in Figure 1. The generated heat subsequently
diffuses into the entire structure and causes a temperature distribution which is measured
by a thermal (infrared) camera and subsequently processed in order to evaluate the structure
for potential defects. In Figure 1, the structure (located in air) consists of a RAM layer with
thickness, l, and a substrate material with thickness, h, beneath that contains a defect. In
order to obtain the heat source distribution within the RAM, the interaction of the incident
electromagnetic wave and the structure is considered in the following subsection.

Figure 1. Schematic of a RAM-coated structure containing a defect under an AMT
inspection
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2.1. ELECTROMAGNETIC FORMULATION
The model of Figure 2 is used to formulate the heat source distribution induced by
the microwave excitation. The formulation in this section is based on [21] and [22]. Figure
2 shows the incident, reflected, and penetrated electromagnetic fields over and inside the
structure. To this end, the incident microwave energy is decomposed into perpendicular
and parallel polarizations denoted by 1 and II, respectively. Also, the superscripts i and r
are used for the waves incident upon and reflected by the structure, and + and - represent
the forward and reverse traveling waves inside the RAM. The RAM is taken as a dielectric
with permittivity of e and permeability of p; both of which are complex and denoted as:

(£ = £Q£r = E' - j £"

(1)

= p 0p r = p ' - j p "

with er and pr being the permittivity and permeability expressed relative to that of freespace,
i.e., e0 and p 0 . The real parts of the complex permittivity and permeability, e' and p',
determine the ability of the dielectric to store electromagnetic energy, while the imaginary
parts, e" and p" (called electric and magnetic loss factors, respectively), identify the
material’s ability to absorb electric and magnetic energy. In other words, an
electrically/magnetically lossy dielectric has a considerable electric/magnetic loss
factor(s). In addition, for a nonzero electrical conductivity, o, an additional loss
mechanism, Joule heating, also takes place. In this case, o can take effect by replacing e"
with e" + o/rn where rn is the microwave angular frequency. Lastly and since this work
focuses on CFRP-based substrates, the substrate in this formulation is assumed to be a good
conductor (o ~ ro), and therefore is reflective to incident microwave energy (as illustrated
in Figure 2).
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For non-scattering surfaces, incident and reflected microwave energy approaches
and leaves a surface at the same angle relative to the surface normal direction. In air, this
angle is denoted as 9 in Figure 2. This angle is zero when the microwave antenna directs
the radiation normal to the structure (which typically happens), however, can be nonzero
for curved surfaces or corner inspections, or when the antenna is deployed off-normal due
to space limitations or to allow a normal view for the thermal camera. The angle of
refraction into the RAM is denoted as 9', and from Snell’s law, these two angles can be
determined from the properties of the two mediums. In particular, the relationship is
expressed as ksin(Q') = k os i n ( 0 ) where k =

and k 0 =

are the RAM and

the freespace wavenumbers, respectively.

Figure 2. Interaction of electromagnetic fields with a RAM-coated conductive structure
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The electric and magnetic fields inside the RAM can be determined by applying the
boundary conditions at each medium interface. In particular, the continuity of tangential
electric fields of the perpendicular and parallel polarizations at the air-RAM interface is:

(2)

(E [ + E i = E t + E l

|c o s ( 0 )(£ j -£{■ ) = co s( 0 ')(£ +

z = 0

£ f)

Also at this boundary, the tangential magnetic fields are continuous, and therefore:

r

cos(Q)

(3)

cos(Q ')

(E

(E + -E f)

[ - E r± ) =

Vo

V

1
1
- ( £ i + £i) = ^ W

v Vo

where ^ = -^ju/s and ij0 =

z = 0

+ £f)

are the intrinsic impedances of the RAM and

freespace, respectively. Finally, at the interface of the RAM and the substrate, the
tangential electric fields should be zero (as the substrate is a good conductor), then:

W

( E + + E~f

= 0

z =l

(4)

- Ef = 0

Utilizing the boundary conditions of (2)-(4), the electric field components inside the RAM
can be determined as:
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^cos(0)e

±]'kz Qe - z )

(5)

E± = ±

E\
^ Qc o s ( 0 ' ) c o s ( k z l ) + j - q c o s ( 0 ) s i n ( k z l )

E 1±

where

^ c o s ( 0 ) e ± J k z ( l z)
^oc o s (0 )c o s (k zl ) + j-qcos(0')sin (kzl )

kz = kcos(0').

pi
h \\

(6)

The absolute values of the electromagnetic fields in (5) and (6) can

be found from:

(7)
E i = j2 V o P [

In these equations, P]_ and

E l = J 2 VoPl

represent the power density of the perpendicular and parallel

incident waves. Then, by having the components of the incident electric fields, the total
electric and magnetic fields inside the RAM can be obtained from the model of Figure 2
as:

E = cos(0')(E + -

E- ) x + (E+ + E - ) y

(8)

—s i n ( 0 ' ) ( E + + E - ) z

VH = - c o s ( 0 ' ) ( E + -

E - ) x + (E + + E - ) y

+sin(0')(E + + E -)z

(9)
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Equations (8) and (9) can be used to determine the heat generated by the microwave
excitation as:

Q = Qe + Qm = n f ( e " \ E \ 2 + v " \H\ 2 )

(10)

where Qe and Qm are the electric and magnetic heat densities, respectively (expressed in
watts per cubic meter). The distribution of heat density, Q, inside the structure is used in
the heat equation to obtain the temperature distribution inside and over the surface of the
structure.
An active thermography test can be successful only if the excitation causes a
significant temperature rise (relative to the measurable temperature limit), as the
temperature variations are used to detect and evaluate defects. As the temperature rise is
directly related to the induced heat, the total absorbed power (or equivalently induced heat)
relative to the total incident power of the microwave excitation can be used to evaluate the
efficiency of an AMT test. This ratio can be calculated as:

p°
Pl

where r± and r

( i - i r j i ) p | + ( i - l r i2l)Pii
cos(0)
P | + Pi

(11)

are the reflection coefficients of the perpendicular and parallel

polarizations, respectively, and can be calculated from (2)-(6) as:
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ri

E ri

y c o s ( 9 ) s i n ( k z l ) + j y 0c o s ( 9 ' ) c o s ( k z l )

E l±

^ c o s ( 9 ) s i n ( k z l ) — j-q0c o s ( 9 ' ) c o s ( k z l )

El

y c o s ( 9 ' ) s i n ( k z l ) + j y 0c o s ( 9 ) c o s ( k z l )

r II - —
E\\

^ c o s ( 9 ' ) s i n ( k z l ) — j-q0c o s ( 9 ) c o s ( k z l )

(12)

(13)

The normalized absorbed power, T , in (11) is a function of the electromagnetic
properties of the RAM, the layer thickness, and the parameters of the microwave excitation
including frequency, incident angle, and polarization. This quantity will be used to study
the effect of microwave excitation parameters on absorbed power.

2.2. THERMAL FORMULATION
To characterize defects using AMT, the correlation between a measured surface
thermal profile and a potential defect must be established. To this end, the model of Figure
3 will be considered for the thermal model formulation. Here, the defect in question is
assumed to be a delamination located between two CFRP layers in the structure, and is
defined as a disk of diameter, D, located a depth, d, from the CFRP-RAM interface as
shown in Figure 3. Thermally, the delamination is treated as a vacuum, meaning it is a void
that has an infinite thermal resistance that fully obstructs the flow of heat normal to its
surface. This property causes a higher temperature over the delamination because it blocks
heat from flowing deeper into the CFRP. With thermal imaging, this hotspot will stand out
relative to the adjacent surface area without any subsurface defects.
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Figure 3. Geormetry of a RAM-coated CFRP structure containing a delamination

For calculation of the temperature distribution, the heat equation presented in [23]

p c dT/ dt = V ^ ( k ^ T ) + Q

(14)

should be solved where p, c, and k denote the density, specific heat capacity, and thermal
conductivity tensor, respectively. It should be noted that in this paper, the temperature
variable, T, is the temperature increase from the initial (at t = 0) temperature and caused
by microwave heating and does not reflect the initial temperature distribution inside the
structure. For the experimental results to hold this assumption, the initial temperature
values are subtracted from the measured temperature for all time. As the geometry of the
defect in Figure 3 has a cylindrical symmetry, the heat equation of (14) can be written in
cylindrical coordinates as:
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dT

1 d (

d3 T \

r d r \ T^ r dr

d (

dT\
dT\

(15)

+ dz \ z dz,

where the anisotropy of the CFRP (as the existence of carbon fibers along the in-plane
directions causes a higher in-plane thermal conductivity than the transverse) is considered
by assigning kr and kz for the in-plane and transverse components, respectively, of the
thermal conductivity.
This equation should be solved numerically due to the complexity of the model. To
this end, the space and time coordinates are discretized as r = iAr, z = jAz, and t = kAt where
ij,k = 0,1,2,... and Ar, Az, and At are space and times steps. Using a forward-time centeredspace (FCTS) scheme, finite difference approximations to each term in (15) can be written
as [24]:

dT

T k+1( i , j ) - T k (i,j )

pC

- — {rk
r d r \

(16)

At

d T ) ~ ( i + 1 / 2 ) k r ( l + l / 2 , j ) T k (i + l , j ) r dr/

iA r
(i -

1 / 2 ) k r (i -

T k(i,j)

Ar
1 / 2 , j ) T k(i,j) -

iA r

T k (i -

1,j)

Ar

dT \ ^ k z (i,j + 1 / 2 ) T k ( i,j + 1 ) - T k (i,j )
d z \ z dz)

(17)

(18)

Az
Az
k z (i,j - 1/ 2) T k ( i , j ) - T k ( i,j - T)
Az

Q = Qk(Uj)

Az

(19)
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Also, to ensure stability of the FTCS scheme, the following condition should be met:

At < m in

(20)

__________ P £ __________
2 k ( 1 / A r 2 + 1 / A z 2)

In AMT, the microwave excitation is typically applied as a rectangular pulse
consisting of a heating period, denoted by t, in which the radiation is applied and a cooling
period when the microwave excitation is removed and hence Q = 0 for t > t.
Obtaining the solution to equations (16)-(19) requires thermal boundary conditions
to be applied. To simplify the problem while maintaining accuracy, adiabatic boundary
conditions are assumed on all boundaries, including the top and bottom surfaces and
normal to the delamination. Mathematically speaking, d T / d n = 0 where n denotes the
normal to the boundaries.
Using

this

numerical

technique

is

advantageous

over

commercial

electromagnetic/thermal simulation software packages since it utilizes an analytical
electromagnetic solution instead of a time-consuming full-wave numerical solution.
Furthermore, the spatial two-dimensional heat transfer equation given in (14),has two
spatial coordinates, r and z,

rather than the typical three-dimensional simulation.

Therefore, the simulations may run remarkably faster while providing accurate results. The
simulation time becomes particularly important when a range of a particular parameter
must be studied. In such a case, the model is repeatedly solved in order to find the
relationship between thermal response and those parameters, and the overall solution time
can become quite lengthy.
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Finally, the thermal contrast (TC) is defined as the contrast between the temperature
rise distributions caused by applying excitation centered over a defective area (T d) versus
a structurally sound area (TS), or mathematically:

TC = Td - Ts

(21)

A TC profile, according to this definition, has its maximum value near the center
of delamination and reduces asymptotically from the center.

3. SIMULATIONS

To verify the proposed formulation and investigate the effect of different
parameters on AMT outcomes, a number of simulations were conducted. This was
accomplished through numerical evaluation of the above formulation in MATLAB and
coupled electromagnetic/thermal models in CST Microwave Studio® and Multiphysics
Studio®.
First, the effect of the RAM ’s e and p is considered. Generally, a RAM is
categorized as either magnetic, or electric. Magnetic RAM includes magnetic particles,
often ferrites, that interact with the magnetic field and their lossy behavior can be
characterized by their complex permeability [25]. On the other hand, electric RAM
contains electrically lossy fibers, often carbon fibers, thereby having a complex
permittivity with a significant loss factor [25]. To study the effect of RAM type on heat
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generation, a magnetic RAM with £r = 1, ^r = 5 - j 10 and an electric RAM with £r = 5 j 10, p.r = 1 were considered. A thickness of 2 mm was used for both types. Figure 4 shows
the absorbed power density distribution along the depth of the two RAMs when they are
exposed to a 50 W, 2.4 GHz normally incident wave. These results are obtained through
the evaluation of analytical expressions (Ana) and CST simulations (CST), and as can be
seen, significant agreement is observed.

Figure 4. Absorbed power density (in dB) along the depth of the magnetic and electric
RAMs obtained through analytical expressions and CST simulations

According to Figure 4, microwave radiation is more efficiently converted into heat
with a magnetic RAM. The reason for this is that the conductive substrate eliminates the
tangential electric field at the RAM-substrate boundary, leaving a very low absorbed power
for any purely electric RAM. As seen in Figure 4, the loss density decreases along the depth
of the electric RAM while it is uniform in the magnetic RAM. This behavior, however, is
not necessarily true for other frequencies. To show the effect of frequency on the
microwave absorption, the normalized absorbed power density, P, is calculated from (11)
and by CST and is shown versus frequency in Figure 5. At very low frequencies (<< 0.5
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GHz), both magnetic and electric RAMs yield a small T since the RAM thickness is small
relative to the wavelength (i.e., the RAM is electrically small) and so the incident wave
reflects back from the substrate without effective interaction with the RAM (the wave
doesn’t “see” the RAM). At very high frequencies (> 35 GHz, in the present case), on the
other hand, both types show the same behavior. In fact, in the high frequency limit f ^ <»)
with normal incidence (9 = 0), (11) yields the same absorption for the two types. In this
limit, the skin depth becomes infinitesimal and the incident wave is absorbed only at the
surface of the RAM and does not interact with the substrate. It can be noted that as the
energy is only absorbed by the surface of the structure in this limit, AMT is similar to
conventional thermography with a continuous optical lamp (where heat is incident upon
the surface only, because of the high frequency of the electromagnetic radiation generated
by the optical/laser source). However, for lower frequencies, the absorption occurs through
at least a portion of the volume of the RAM (and hence closer to potential defects in the
substrate). As a result, AMT in such cases may present a better detection efficacy,
especially when the RAM is considerably thick or has a low thermal conductivity (and
hence acts as a thermal insulator concealing the substrate defect within).
As can also be seen in Figure 5, the maximum absorbed power density occurs for
the magnetic and electric substrates at 2.2 and 13.8 GHz, respectively. To this end, (11)
can be used to select the optimal operating frequency for an AMT inspection if the RAM
properties are known or can be estimated. However, frequency selection may be limited in
practice by the test equipment and government regulations.
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Figure 5. Normalized absorbed power density versus frequency for the two RAM types

Incident angle is also an important parameter that effects AMT outcome. As such,
Figure 6(a) and (b) show T for magnetic and electric RAMs, respectively, as a function of
incident angle at frequencies of 0.5, 2.2, and 5 GHz for perpendicular and parallel
polarizations. According to Figure 6(a), T decreases with increasing incidence angle for
all cases, but does so differently for the two polarizations. Specifically, at 0.5 GHz, a
parallel polarization results in a higher absorption, while the two polarizations cause the
same absorption at 2.2 GHz, and the absorption is lower for the parallel polarization than
for the perpendicular polarization at 5.5 GHz. As a result, the selection of polarization is
also important, and depends on the frequency for an optimized heat generation. In addition,
the same quantity is represented for the electric RAM in Figure 6(b). In this case, the
absorption is greater for the parallel polarization at all frequencies and angles. Also, the
absorption increases with increasing incidence angle in some frequency ranges for the
parallel polarization case. This is due to the fact that for the parallel (unlike perpendicular)
polarization, the electric field component normal to the substrate boundary, which doesn’t
vanish at this boundary, is larger in magnitude for greater angles. Therefore, when
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illuminating a sample with an angle other than normal, use of the parallel polarization
yields a better heat generation in an electric RAM. In addition, when the sample surface is
not completely flat, such as a cylindrical surface, the polarization can be adjusted to obtain
the least angle-dependent heating, while in the conventional (optical) thermography, the
illumination (incident excitation intensity) suffers from the rapid degradation of cos(0)
[26].

(a)

(b)
Figure 6. Normalized power density versus incidence angle for different frequencies and
perpendicular and parallel polarizations for the (a) magnetic and (b) electric RAMs
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Next, thermal simulation of AMT is considered. To this end, a RAM-coated CFRP
structure with the RAM and CFRP thicknesses of 2 and 6 mm and the thermal properties
given in Table 1, is considered. The thickness and thermal properties used for simulations
were chosen to be consistent with the literature and the real materials considered in the next
section. These results will be validated against the measurements presented in Section IV.
In all following simulations, the microwave excitation is assumed to be 50 W of power at
2.4 GHz, and is applied for 180 sec. Further, the RAM is magnetic with frr = 2 - j0.2.

Table 1. Thermal Properties of the RAM and CFRP [12],[26],[27]

Material
RAM
CFRP

k (W/m K)
0.85
10
in-plane
1
transverse

p (kg/m3)
3150

c (J/kgK)

1680

1200

1300

The TC at the center of a delamination of a fixed depth, 0.8 mm, and varying
diameters (2, 4, 6, 8, and 10 cm) is depicted in Figure 7(a). As expected, the TC has a
higher value at any time for larger defects. However, the difference is small at the
beginning of the heating period. This is because in the early instances of times, the TC at
the center of the delamination is primarily affected by the middle area of the delamination
as they are closer to each other, while it takes some time for the farther points of
delamination (closer to its edges) to influence the TC at the center. Also, as can be seen in
the figure, the TC does not grow linearly with the defect diameter. In fact, the difference
between TC curves becomes less for larger defects, and as proven for the conventional
thermography [28], TC asymptotically approaches its higher bound. Further, the rate of
change of the TC versus time decays earlier for smaller diameters (see the 2 cm case, for
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example). This is because the lateral heat diffusion, which acts against the accumulation of
thermal energy on the surface above of the defect, is stronger when defect has a smaller
cross section. In other words, a larger cross section better maintains the accumulation of
thermal energy, thereby resulting in a longer time of increasing temperature. This will be
verified in the next section through measurement. Finally, it should be noted that the
maximum of TC occurs with a delay from t = 180 sec (when the cooling period is removed).
This is due to the nonzero depth of the RAM on top of the delamination which causes a
delay for thermal energy to reach the surface.
Figure 7(b), shows the TC for a fixed diameter of 4 cm and depths of 0.8 - 4 mm.
It can be seen in the figure that the depth of delamination has a significant effect on the
TC. However, the shape of the curves remain consistent, and appear to be scaled versions
of the same curve. As a rule of thumb, the TC is inversely proportional to the depth for an
adiabatic (e.g., a void delamination) defect [28]. For the cases of Figure 7(b), the maximum
of each curve is 0.51, 0.29, 0.17, 0.10, and 0.06, respectively, and rule of thumb appears to
hold true. It is also important to note that the TC shown in Figure 7 is high relative to the
typical thermal cameras’ sensitivity, which is 0.03°C for the thermal camera used for
measurements herein. This result demonstrates the efficacy of AMT for detection of
delamination in RAM-coated CFRP structures. Lastly, these results will be validated by
measurement in the next section.
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(a)

(b)
Figure 7. TC obtained through numerical analysis and CST simulations for different
diameters (a) and depths (b)

4. MEASUREMENT RESULTS

A number of AMT measurements were conducted to show the applicability in
detecting delamination in RAM-coated CFRP structures. To this end, the experimental
setup shown in Figure 8 was used. The setup consists of a microwave source and 50 W
amplifier operating at a frequency of 2.4 GHz for this work. This frequency is often used
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in AMT inspections because it is in the industrial, scientific, and medical (ISM) radio band.
A thermal camera (FLIR T430sc) is used to measure the surface thermal profiles. The
thermal camera, microwave source, and amplifier are controlled by a data acquisition
(DAQ) and control unit. A horn antenna with aperture size of 23 x 17 cm2 is used to direct
the microwave radiation on the inspection surface. The antenna is placed at the lift-off
distance from the structure in order to provide a sufficient microwave incident power and
thermal camera field-of-view. For this work, the lift-off distance is 40 cm for all tests. In
order to avoid thermal energy losses from the bottom of the structure (equivalent to the
adiabatic boundary condition assumed in formulation and simulations), the structure was
placed on polystyrene foam.

DAQ &
C o n tr o l U n it

M ic ro w a v e
S o u r c e cc
A m p lifie r

H o rn
A n te n n a
S tr u c tu re

T h e rm a l
C a m e ra

Figure 8. The experimental setup for AMT measurements
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Two samples were constructed by stacking up a layer of RAM and seven layers of
CFRP laminates, as shown in Figure 9(a). These layers were packed tightly to minimize
formation of an air gap between the layers. Figure 9(b) shows the RAM used in this work;
a Cuming Microwave C-RAM FF-2 magnetic-type absorber with a thickness of 2 mm.
This absorber is a ferrite filled, silicone rubber sheet which has a high magnetic loss at
microwave frequencies, and its density and thermal conductivity are 3150 kg/m3 and
0.85 W /m K , respectively [29]. Each substrate CFRP laminate is 0.8 mm thick, and the
total thickness of the CFRP substrate is 6 mm. The density of each layer is measured
1680 kg/m3. A delamination was introduced by machining a hole at the center of one of
the CFRP layers, as shown in Figure 9(c). The measurements were done with three
delaminations with D = 4 cm / d = 0.8 mm, D = 2 cm / d = 0.8 mm, and D = 4 cm / d = 1.6
mm, which will be called Case 1, Case 2, and Case 3, respectively. The heating and cooling
times are 180 sec each for all measurements.

(a)

(b)

(c)

Figure 9. The RAM-coated CFRP structure: (a) stack-up, (b) top surface, and (c) a
machined hole serving a as a delamination

Figure 10 shows the temperature rise (with respect to the initial temperature)
distribution in AMT tests at t = 180 sec and measured for the three cases along with the
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case with no delamination. More specifically, the temperature rise is depicted as a function
of radial distance from the center of the delamination. The measurement without any
delamination provides a visual contrast as to how a delamination introduces local hotspots
during an AMT inspection. As seen in the figure, with the presence of a delamination, the
temperature peaks at the center of the delamination and asymptotically approaches that of
the case without a delamination. A comparison between the curves of Figure 10 shows that,
as expected, a larger diameter and/or smaller depth yields a higher temperature rise on top
of the delamination. In addition, as seen in the figure, for the deeper delamination case (d
= 1.6 mm), T is flatter at the center, with respect to the d = 0.8 mm cases. In fact, the
thermal energy diffuses with less constraint over a deeper defect, causing a flatter
temperature profile. As a result, the thermal image over a deeper defect is fader and less
representing the cross-sectional extension of the beneath the surface. This will be further
shown in the thermal images (Figure 12).

Figure 10. Temperature increase after 180 sec of microwave excitation versus radial
distance from the delamination for different delamination diamater and depth and the
case of no delamination
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To better observe the temperature distribution shaped by the radiation pattern of the
horn antenna and the existence of a delamination, T d, T s, and TC profiles, as defined in
(21), are illustrated at t = 180 sec in Figure 11. The dashed circle shows the physical cross
section of the delamination inside the structure. As is apparent in the TC profile, the
presence of the delamination maximally affects the temperature within the cross-sectional
boundaries of the delamination. However, due to the heat diffusion, it also affects the
temperature beyond this boundary. Also, it can be noted from the T s profile that the
antenna’s heating pattern is focused in an area of approximately 20 x 20 cm2. This indicates
the maximum efficient inspection area in a single test. In the case a larger area is required
for inspection, an antenna (or an array of antennas) with a wider radiation pattern should
be employed, or a raster scanning can be performed.

Figure 11. T d, T s, and TC profiles at t = 180 sec for Case 1

An additional illustration of the spatial and temporal variations of an AMT
measurement is shown in Figure 12, where TC’s for the three cases at times of 60, 120,
180, and 300 seconds are shown (heating time of 180 sec). As seen in the figure, the defects
are observable after 60 sec of microwave heating, and they become highly apparent at

90
180 sec. More specifically, the TC profiles show a hot area on the structure surface in the
area above the defect cross section as outlined by the dotted circles. For the deepest
delamination (d = 1.6 mm), the temperature spreads more to the outside of the
delamination. This is because the thermal energy spreads more extensively before reaching
the surface for a deeper defect. As a result, the spatial temperature distribution is better
confined to the corresponding physical distribution when the defect is closer to the surface
and therefore is a better indication of the cross-sectional extension of the defect. Also, it
can be noted that unlike the D = 4 cm cases, the D = 2 cm case has an insignificant change
from t = 120 sec to 180 sec. This is consistent with simulation results presented in Section
III, Figure 7(a), where the temperature rise and rate of change is less for a smaller defect.
To verify the proposed mathematical modeling and analysis presented above, the
TC at the center of the delamination is demonstrated versus time in Figure 13 and compared
to those calculated numerically and given in Figure 7. It can be seen that there is excellent
agreement between the experimental and mathematical results that validates the
electromagnetic/thermal model and formulation. More specifically, the TC values reach
the 0.03 °C threshold (shown with the dashed line in the figure) at t = 23, 24, and 30 sec
for Cases 1, 2 and 3, respectively. These heating times can be theoretically considered the
minimum required heating times for a successful defect detection. Further, after one minute
of microwave heating, all three cases yield a TC of >> 0.03 °C, making the defects readily
observed as was demonstrated in Figure 12.
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Figure 12. TC profiles (unit: °C) at different times for delmainations of given diameters
and depths
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Figure 13. TC over time obtained experimentally and numerically

5. CONCLUSION

Active microwave thermography (AMT) was considered as a nondestructive
testing tool for inspection of RAM-coated electromagnetically reflective (such as CFRP)
structures that are extensively used in military and aerospace applications. Detection of a
delamination with different diameters and depths was considered. A mathematical model
was proposed that relates the thermal contrast (TC) to the defect, microwave excitation,
and the structure properties. The effect of delamination size and depth was studied through
simulation and measurement results. AMT measurements support the proposed modeling
and formulation as well as show the applicability and efficacy of this approach for detection
of a delamination in RAM-coated CFRP structures. More specifically, it was shown that
delaminations with a diameter as small as 1 cm concealed under a 2-mm thick layer of
RAM can be reliably detected by applying 1 minute of microwave excitation. Overall, due
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to the interaction of microwave energy and RAM coatings (i.e. inherent absorbing
properties of RAM), this new proposed technique may be advantageous as compared to
other thermographic techniques for inspection of RAM-coated structures.
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SECTIO N

2. CONCLUSIONS AND FUTURE WORK

2.1. CONCLUSIONS
Active microwave thermography (AMT) has a wide range of applications in
aerospace and infrastructure industries. The overarching objective of this work is to advance
AMT as a reliable nondestructive testing (NDT) tool for detection of several types of defects
(void, water ingress, delamination, etc.) in various structures. In this dissertation, three special
applications of AMT were considered as follows.
In PAPER I, AMT was considered for detection of void-type defects, commonly
standardized as flat-bottom holes (FBH), in conductive composites, specifically carbon
fiber reinforced polymer (CFRP). More specifically, the effect of FBH radius and depth (or
combined as the radius-to-depth ratio) on the detection likelihood was studied through
simulation and measurement. By considering the thermal contrast (i.e., difference between
the temperature increase of a defective area and that of a sound/healthy area), it was shown
that detection likelihood can be improved by increasing the operating frequency or power
level of the microwave excitation. Furthermore, AMT measurements were conducted for a
number of FBHs machined in a multidirectional CFRP sheet, and the signal-to-noise ratio
(SNR) in thermal images over time was monitored, which showed that a high level of defect
information relative to background noise (>20 dB) is achievable after approximately 60 s
of microwave excitation.
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In PAPER II, AMT was used for detection and evaluation of water ingress in
different materials, in particular rubber. Simulation and experimental results indicate that
AMT has a strong potential to detect and locate small volumes of water ingress after a few
minutes of microwave excitation. Specifically, 0.5 mL of water was clearly detected
(experimentally) after 120 seconds of microwave excitation within a rubber sample. More
importantly, the depth of water was estimated using experimental data and a mathematical
formulation, with an average quantification error of ~5%. This was accomplished by
relating the temporal behavior of the thermal response of the structure containing water
ingress to 300 seconds of constant microwave excitation. In addition, the relationship
between the detectability of water and test parameters including the microwave excitation
frequency and power, water volume and depth, structure constitutive properties, and
heating time was established.
PAPER III was dedicated to a comprehensive study of AMT for inspection of
electromagnetically reflective (such as CFRP) structures coated with radio-frequency
absorbing materials (RAM), that are extensively used in military and aerospace applications.
Due to the interaction of microwaves with RAMs, the new proposed technique may be
uniquely advantageous to other thermographic techniques for inspection of RAM-coated
structures. As such, detection of delaminations with different diameters and depths within
a substrate (specifically, CFRP laminates) that is covered by RAM was considered. To this
end, a mathematical model was developed that related the thermal contrast to the
delamination, microwave excitation, and the structure properties. It was shown that AMT
measurements support the proposed modeling and formulation as well as show the
applicability and efficacy of this approach. More specifically, it was shown that
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delaminations with a diameter as small as 1 cm concealed under a 2-mm thick layer of
RAM can be reliably detected by applying 1 minute of microwave excitation.

2.2. FUTURE WORK
As has been shown, AMT has shown promise in various applications and is has
been advanced both theoretically and practically. To further advance the method, future
work is proposed as follows:
1- The applicability and potential of AMT for inspection o f other structures such as
honeycomb structures and glass fiber composites can be investigated. In particular, AMT
may be a good candidate for evaluation of water ingress or moisture content in glass fiber
reinforced polymers (GFRP), since GFRP has a very low electromagnetic loss, and
microwave energy can readily penetrate into its depth and interact with water. This enables
AMT to detect and evaluate water in deeper parts of a GFRP structure. This research can
be very important since water absorption by GFRP structures degrades their mechanical
performance [25]. Similar to this, estimation of moisture content of cement-based materials
can be considered as another potential application for AMT.
2- The work of PAPER II can be extended to include inspection of the RAM itself
(related to RAM-coated structures). More specifically, defects within the RAM including
non-uniform thickness, existence of voids within the RAM, debonding between the RAM
and substrate, etc. may be detected and/or evaluated via AMT.
3- Advanced theoretical and experimental investigation can be carried out to show
the applicability of image processing methods to evaluate the cross-sectional extension of
defects. These methods may be based on the gradient of the temperature profiles.
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Preliminary results show that applying simple gradient or more advanced filters such as
Sobel and Canny have a good potential for this application.
4-

A complex microwave phased array radiating subsystem may be developed to

provide an adjustable heating pattern; in particular to yield uniform heating. Specifically,
a double-element phased array is already designed and tested that has an improved uniform
heating pattern along one direction. This technique can be extended to two dimensions.
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